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Abstract 
This study set out to explore the hypothesis that previously undisturbed Amazonian terra firme (non-
flooded) tropical forests show a gradient in resilience to selective logging as a function of tree species 
functional composition and in particular a positive relation with the presence of a specific ecological 
guild regarded as intermediate in the process of ecological succession known as the light hardwoods 
(LHW‟s). Field data came from the Manaus and Tapajos regions in Brazil and the Puerto Maldonado 
region in Peru. In response to drought stress induced canopy opening which is the natural disturbance 
analogue to selective logging, there was a significantly better performance in terms of 
turnover (diameter growth, mortality and recruitment) of the LHW‟s relative to climax species. In
response to selective logging trees growing within logging gaps showed a similar growth 
performance gradient 3 years after logging when species ecological guild was not taken under 
account.In series simulation experiments where conducted to determine actual stand level
compositional and biomass responses to logging. Forest dynamics models in the SYMFOR
framework were used to conduct simulations of the most common logging practices. Results 
indicated that functional composition deviation from undisturbed forest showed a positive relation 
with resilience with LHW‟s proportions but only up to a certain threshold. Above this their 
proportion was positively related with deviation from primary forest conditions and therefore 
negatively related to resilience. A similar pattern was observed for stand basal area with 
intermediate sites showing the greatest resilience. For sites with low and medium proportions the 
opposite pattern was observed with sites of highest proportions showing the second greatest 
resilience followed by sites with lowest. This study indicates that there is a positive 
correlation between proportions of LHW trees in a forest stand and resilience to selective logging as 
currently practiced in the Brazilian Amazon but only up to a certain compositional threshold 
in functional composition. 
Chapter 1 
General Introduction 
2 
1. Background information
The legal Amazon is regarded to be an area that is essentially the drainage basin of the 
Amazon River. This is approximately 7.05 million km² falling within the borders of 9 
countries: Bolivia, Brazil, Colombia, Ecuador, French Guyana, Guyana, Peru, Suriname and 
Venezuela. Within this area the predominant form of vegetation is closed tropical forest 
(FAO, 2001). This can be classified into two categories depending on water availability: 
flooded and non-flooded or terra firme (Wolfgang, 1997). The latter type is of
particular interest as it is the largest continuous area of tropical forest remaining 
worldwide (FAO, 2001), a cradle for biodiversity (Bongers et al., 2009; Berry et al., 
2010; Burivalova et al., 2014) essential for regulation of world climate (Vieira, 2003; 
Phillips et al., 2009) and a focal point for sustainable development as a consequence. 
These forests are under the influence of several forms of direct anthropogenic 
disturbance the two most important of which are fragmentation and selective 
logging (Laurance et al., 2004; Phillips et al., 2006; Hawthorne et al., 2011; Zimmerman
and Kormos 2012; Laufer et al., 2013;Burivalova et al., 2014). Selective logging in
particular, is recognized as a major driver of economic development that under certain 
conditions can be sustainable both for people and nature (Phillips, et al., 2004; Sist, et al. 
2007; Guitet et al., 2009; Zimmerman and Kormos 2012;Burivalova et al., 2014). Despite
this potential, it has been primarily a catalyst for degradation and conversion to other land 
uses but mainly agriculture up to now (Moran, 1993; Nepstad et al., 1999;Burivalova et 
al., 2014). Forest degradation and deforestation are serious issues in many parts of the 
world but Amazonia and especially the Brazilian part of it face one of the highest rates 
worldwide (Sist et al., 2007; Phillips et al., 2009;Brown et al., 2011). The reasons for this 
most commonly cited are the advancement of the colonization frontier combined with the 
relatively low financial profitability of natural forest land in general, especially in 
relation to agriculture (Barraclough & Ghimire, 
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2000;Brown et al., 2011;Brando et al., 2014). Reasons advocated  relative to logging in 
particular, are operational problems related to the application of sustainable timber 
production systems leading to production from natural forest being impossible or simply 
uneconomical (Contreras-Hermosilla, 2000; Putz et al., 2000;Zimmerman& Kormos 2012). 
Policing of recently logged over land that is more accessible to agricultural colonization is a 
relevant issue with regards to this as well (Putz et al., 2000; Asner et al., 2006;Zimmerman& 
Kormos 2012). 
It is important that as much relevant scientific information regarding forest 
response to selective logging is generated as promptly as possible. This will assist in the 
drawing up of sustainable forest management plans and provide information that will assist
in efforts against forest degradation and deforestation. 
This study aims to generate information relevant to the response of tropical forest 
tree communities to selective logging across the Amazon basin. The principal aim is to 
gather direct response information. Where this is not possible, the aim is to implement 
appropriate forest dynamics simulation models capable of making projections of the long-
term effects of logging on tree populations. For the purposes of this study two population 
dynamics models for forests - one for central Amazonian Brazil and another for southwestern 
Peru - where developed within the SYMFOR modeling framework. These  where  based
on previous model development work done with the purpose of examining tropical forest
functional response to selective logging within SYMFOR(see Phillips & van
Gardingen, 2001a; 2001b; Phillips et al., 2003; van Gardingen et al., 2003; Phillips et 
al., 2004; Arets, 2005; van Ulft, 2006).A third pre-existing model was used to examine
forest response using initialization data from an individual forest area in the Eastern Brazilian 
Amazon (Phillips et al., 2004; van Gardingen et al., 2006).
The models simulates the three key demographic processes: growth, mortality and 
recruitment. The calibration of such models can be done using relatively short-term data on 
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population dynamics. While the use of such models does not necessarily amount to making 
„true‟ predictions, it enables us to test hypotheses and ask „what-if‟ questions about the 
potential consequences of present day population dynamics and the effects of forest 
management thereupon for the long-term fate of the forest. They therefore provide a practical 
way of addressing such questions in ecological research by examining how forest stands 
evolve as a function of differences in functional composition and structural characteristics 
with and without disturbance 
I will address these issues from an ecological point of view. The results described in 
this thesis can be used by decision makers to formulate criteria for sustainable forest 
management, policy and legislation. In this thesis, I will deal specifically with the effects of 
logging on tree communities on the scale of hectares. 
In the remainder of this chapter, I will first give an introduction to, as well as 
clarification of some theories and concepts regarding logging disturbance in Amazonian 
forests (section 2). Following this, I will present an overview of the most common 
methodology used to treat related data and information, which is the grouping into ecological 
or functional groups in the framework that is relevant to the purposes of this thesis (section 
3). I will then discuss the concept of resilience of these forests to selective logging in relation 
to their functional composition and define the framework for the theory that was the focus of 
this thesis (section 4). Finally the theory, general objectives, general methodology and the 
sites used in this thesis will be presented (section 5). 
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2. Logging and drought
In many aspects, the effects of logging on population dynamics and species 
composition may be similar to natural disturbance events of similar amplitude. Therefore, 
many of the concepts that are used to explain the effects of natural disturbance can also be 
used within the context of logging. A very widespread form of non-anthropogenic forest 
disturbance for the study region is drought. This has been shown to be a major non 
anthropogenic phenomenon shaping native forest structure and composition in the region so 
far affecting many millions of hectares and with a severity significant enough to impact the 
overall greenhouse gas and biomass budget and a potential driver of tree species distribution 
and forest structure (Phillips et al., 2009;Lewis et al., 2011;Marengo et al., 2011).This has 
also been shown true for composition (Markesteijn 2010; Comita & Engelbrecht 2014). This 
can affect the forest in much the same way as logging and other related silvicultural 
operations (Johns et al., 1996; van der Hout, 1999; Van Dam, 2001;Hawthorne et al., 2011). 
The reason for this is that the drought selectively kills trees that are most often emergent or 
canopy trees due to increased exposure of their crowns to environmental conditions at the 
border of the canopy (Laurance et al., 2000;Williamson et al., 2012; Wang et al., 
2012;Saatchi et al., 2013). Some of these trees will then create gaps in a similar way to 
logging (Wang et al.,2012). The associated increase in light conditions is expected to 
generally lead to increased growth and survival of tree species, with life-history strategies 
that are adapted to high light conditions. Therefore, pioneers species are likely to take most 
advantage of it (Whitmore, 1989; Arets, 2005; Quevedo, 2006). 
A comparative examination of both logging and drought reveals that they are similar 
in nature, in the sense that they are exogenous to the system and affect it in brief one-off 
pulses in the scale of time frequently and with some degree of regularity ( Condit et al., 
1995;Burrows, 2000 Laurance et al., 2000; Lingefelder, 2005; Oatham & Seepersad, 
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2006;Hawthorne et al., 2011;Lee et al., 2011;Shefield et al., 2012;Coelho et al., 2012;Comita 
et al.2014). The most important difference between the two is the severity of the event in 
terms of physical damage with logging naturally being characterized by considerably more. 
Therefore, examining the two types of disturbance can provide complementary 
insights into forest processes relevant to selective logging and wood production.
3. Ecological species groups
Tropical moist forests contain a very large number of tree species (e.g. ter Steege 
et al., 2003; Arets, 2005; Baraloto et al., 2012). A major constraint for demographic studies 
in the scale addressed in this thesis and for the sampling protocols that are practical to use is 
that these commonly yield a number of individuals per species which is most often too small 
for species level statistical analyses. This constraint is commonly addressed by aggregating 
tree species into a small number of functional (ecological) groups (Kohler et al., 2000; 
Phillips et al., 2002; Gourlet-Fleury et al., 2005; Baraloto et al., 2007; Mayfield et al., 
2013; Flores et al., 2014). There are several accepted methodologies that generally fall into 
two categories: a priori and a posteriori. The first is using species specific biometric traits 
that are constant for a given species irrespective of site or growing conditions and the second 
is using the statistics of species specific biometric traits that are variable with site based on 
data from permanent or temporary sample plots in forests. 
What trait and subsequently, method is used depends mostly on the purpose of 
the proposed aggregation. In a study like the one in this thesis, there was one defining 
criterion, the dichotomy between pioneers and non-pioneer tree species. The specific issue 
was that a distinction needed to be made between the light demanding hardwoods 
(LHW) and other groups of tree species and especially the other pioneers. The importance 
of this is explained below. 
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In tropical forest ecology, pioneer tree species can generally be classified into two 
groups based on life span, the long lived pioneers and the short lived ones (Swaine & 
Whitmore, 1988; Quevedo, 2006; Torres-Lezzama & Ramirez-Anguilo, 2008). In practice, 
the principal difference in ecology is that the former is characteristic of mostly mature forest, 
while the second is  almost exclusively of the very early stages of succession. Therefore, in a 
demographic study where the goal is to examine the impact of disturbance in a tree 
community although the increase in abundance of the long lived would indicate some
regression to early stages of succession, the  equivalent increase for the  short lived pioneer
group would indicate complete regression to the very early stages in a number of cases 
beyond any predefined threshold in abundance. Light hardwoods (LHW) based on the 
definition of Whitmore(1988) are essentially those long lived pioneer tree species that at the 
same time can achieve canopy status in the mature forest that are also at the same time more 
adapted to the low impact disturbance of selective logging in relation to other long lived or 
short lived pioneer species groups.
To achieve the goal for the purposes of the study of this thesis ,two species traits were
deemed most appropriate out of the ones identified by Poorter et al. (2008), while also having 
general applicability for assigning successional status (Kohler & Huth, 2000): maximum
potential height or adult status in the forest canopy and bole wood density expressed as oven 
dry wood specific gravity. For the light hardwoods (LHW), it is known that one of the
main distinctions with the other pioneer groups, other than life span, is that they achieve 
in their vast majority canopy and emergent status in the forest (Quevedo, 2006). 
Furthermore, they have fairly fast growth rates and relatively low density bole wood (like 
other pioneers). 
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4. Amazon forest composition and resilience to logging disturbance
According to current evidence, the Amazonian non flooded forest can be separated 
based on gradients in functional composition of tree species (ter Steege et al., 2003; ter 
Steege et al., 2006). From an examination of these patterns, it is first of all apparent that in 
the northeast tree species, diversity is relatively low with a dominance of species with dense 
wood and large seeds. Secondly,  in the western Amazon the predominant tree species have 
smaller seeds, here local species diversity is more centered on fewer genera and thirdly, in the 
central Amazon species, diversity reaches its highest with no clear dominance of 
any ecological succession group (ter Steege et al., 2003). Figures 1.1 and 1.2 below help 
to summarize the aforementioned differences. It has been hypothesized that these 
compositional gradients would correlate with a gradient in ecological resilience to the two 
major forms of anthropogenic disturbance that these forest currently experience: 
fragmentation and logging (Phillips et al., 2006). A general hypothesis recently proposed 
based on research with edge creation in the Amazon is that forests composed to a greater 
degree of early successional species, will be more resilient to these forms of disturbance
(Phillips et al., 2006). This follows the reasonable extrapolation that this form of disturbance 
is similar to that of selective logging and that it is sensible that climax forests areas that 
are composed of species with characteristics adapted to more high light and disturbance
conditions will be more resilient in relation to others with less .
For these two forms of disturbance forests of the southwestern Amazon are expected 
to be significantly more resilient (site 4 Figures 1 and 2) in relation to northeastern ones (sites 
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1, 2 and 3) with sites 2 and 3 (figures 1 and 2) expected to be intermediate. This however, is a 
fairly simplified notion since a lot of these species mentioned would never occur in a mature 
forest community (see section 3 for further details) for which selective logging as currently 
practiced in Amazonia is a form of disturbance too light to cause regression to conditions 
where these would grow (Fredriksen & Putz, 2003). 
A much better definition was given by Whitmore (1989). This is that ecological 
resilience of a mature rainforest community is a positive function of the proportion not of 
pioneers in general, but of a specific subgroup, the so called light demanding hardwoods or 
Light hardwoods (LHW). These are tree species which would be present in a mature forest 
community but that would require full overhead light from a point onwards in their life cycle 
(Lamprecht, 1989; Quevedo, 2006). A model light hardwood (LHW) species would require
relatively shaded conditions for germination and early growth as seedlings but would
respond fairly rapidly once a gap had been created in the canopy (Lamprecht, 1989;
Whitmore, 1989; Quevedo, 2006). A main distinguishing feature from the so called „true‟
pioneers such as all members of the genus Cecropia, would be that they would be
relatively long lived and that they would all achieve at least canopy status (for further details
see Quevedo 2006). Wardle (2003) based on evidence from grassland studies believed that 
this effect is true at least in some cases and is based on the principle of competitive 
exclusion or that the more gregarious species do not allow colonization of others when
present at relatively large population sizes. Extrapolation to forest ecosystems may not be 
valid, however for obvious reasons of differences between the vegetation communities.
Experience from temperate forestry has shown that relationships may not be as 
proposed above, however. More specifically here, the consensus is that ecological resilience 
is more related to degree of complexity of the ecosystem rather than prevalence of one 
ecological group over another (e.g. Jameson, 1995; Baralloto et al., 2010) and has been noted 
as a general theoretical concern against monocultural plantations in the tropics quite early on 
(Johns, 1979; Lamprecht, 1989). McCann(2000) cites Elton(1958) as the first to propose this 
hypothesis, supporting it  with the phenomenon  of lower resilience to pathogen and insect 
outbreaks in more monodominant types of forest like the boreal biome as opposed to more 
diverse tree species communities and especially tropical forests. This, he argued (Elton in 
McCann 2000) was due to more intense competition between species preventing explosive 
growth of the population of any single one. Naeem et al (1994) conducting experiments 
with model vegetation communities composed of non woody plants under controlled 
environment conditions have concluded that with declining functional diversity, 
performance in terms of biomass growth and dynamism also declined (Naeem et al., 
1994). This work was criticized by several experts for the simplicity of  community 
structure and whether results can be extrapolated for actual vegetation communities (forum 
in Functional ecology, 1998). This hypothesis has so far also been proven true with 
resilience and stability for microbial communities under in vitro conditions (Naeem&Li 
1997; Leary et al., 2012). Ghilarov (2003) argued that relevant evidence he found in the 
published literature, did not support that the relationship between degree of biodiversity 
and ecosystem resilience is anything other than positive. McCann (2000) also came to 
the same conclusions for both microbial communities in vitro and for field studies 
under in vivo conditions, but the information used did not include forest vegetation 
communities. 
The basis of this theory is in systems theory and more specifically, in the 
negative relationship between complexity and entropy (degree of disorderness of a 
system) and the relevant negative relationship between relative resistance to 
perturbations and entropy (Baraloto et al., 2010). 
In ecology, this hypothesis is known as the diversity insurance hypothesis and dictates 
that diversity of the ecosystem leads to greater ecosystem stability. This is considered to 
 be because greater diversity in functional guilds leads to greater genetic and ecological 
diversity 
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(see Shijo & Anitha, 2009 for details). The example of occasional failure of monoculture
timber tree plantations  in tropical moist forest areas deserves special mention with respect 
to this. Information so far suggests that this is due to their very low diversity of tree species
per hectare and very high dominance of one or a few species (Johnson, 1976; Nair, 2001; 
Baraloto et al., 2010). This would serve as indirect evidence towards this case. 
Johnson(2007) in his theoretical analysis based on graphical extrapolations and theoretical 
principles proved however that the diversity insurance hypothesis may not be true under 
certain conditions and may in fact, be the case that the opposite relationship is true for 
some. More recently, Thompson et al.(2009) and Miles et al(2010) examined the evidence 
for this hypothesis for forests with an emphasis on climate change adaptation and 
ecosystem productivity and concluded that current evidence suggests that this is the case, 
and because of the apparently higher productivity of more diverse ecosystems under 
similar edaphoclimatic conditions that this could probably occur for disturbances such as 
selective logging also. Finally, Maeshiro et al (2013) proved the existence of a direct 
correlation of functional diversity with management impacts for subtropical forest in 
Japan, but did not examine whether there was any difference in resilience for any kind of 
anthropogenic or non-anthropogenic disturbance. 
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Figure 1.1: Variation in oven dried wood density (0.56-0.73) and seed mass class-logarithmic scale- (4.9-6.1) across 
the Amazonian forest biome. Increasing darkness of color represents increasing value of parameter for both variables. A
gradient of disturbance and consequently broad successional status of the forest can be seen. The sites used in this study
can be seen in black circle and arrow. These are 1.late (Manaus) 2. and 3. mid (Caxiuana and Tapajós  km 83) and 4.early 
(Madre de Dios) successional  forest type. The later site has been hypothesized by Phillips et al. (2006) to be more
ecologically resilient to anthropogenic disturbance in relation to the two former because of greater proportions of pioneer 
tree species in the distribution. Diagrams redrawn and modified from ter Steege et al. (2006). Please note plots in our study 
were mostly the ones used for these diagrams and research. 
Figure 1.2: Tree species richness of Amazonian terra firme forests using Fisher‟s Alpha index. We can see that for our four 
study sites Manaus (1) has the largest tree species richness followed by Caxiuana plus Tapajós km 83 (2 and 3) and finally, 
Madre de Dios (4). Note how diversity is higher at only one other area in the northeastern Amazon. Diagrams redrawn and 
modified from ter Steege et al (2003). Please note plots in our study were mostly the ones used for these diagrams and 
research.
4 
1 
3 2 
4 
1 
3 
2 
4 
1 
3 
2 
13 
In this chapter of the thesis, we have used the term resilience. The term was obviously used to 
describe how well the forest system maintains itself when disturbed by man. It is however, 
worth bringing this into context with contemporary ecological theory. Generally, „resilience‟ 
in ecology has been defined in two ways. The first is as the time required for an ecosystem to 
return to an equilibrium or steady-state following a perturbation (Walker et al., 2004). The 
second is the capacity of a system to absorb disturbance and reorganize under its 
influence ,even though in certain cases undergoing change that does not however mean  the 
ecosystem cannot retain essentially the same function, structure, identity, and feedback 
(Gunderson, 2004). 
The second definition has been termed „ecological resilience‟, and it 
naturally presumes the existence of multiple stable states or domains of the undisturbed 
ecosystem. In the case of forest, this is translated as the multiple climax states in terms 
of diameter distribution, composition and turnover, that mature undisturbed forest can 
have .
Ecological resilience, has thus far been defined as a concept with four aspects: 
latitude, resistance, precariousness, and panarchy. 
The first is latitude. This is the maximum amount an  ecosystem can be changed before 
losing its ability to recover (Holling, 1973). The second is resistance. This is 
defined as the ease or difficulty of changing the ecosystem or how “resistant” it is to 
change  following some form of ecological perturbation (Gunderson, 2000). The third 
and final is precariousness. This is defined as the degree of proximity of the current 
state of the ecosystem to a specific predefined threshold of ecological conditions 
(Walker et al., 2004). Panarchy is the fourth. This is the degree to which a certain 
hierarchical level of an ecosystem is influenced by other levels (Folke et al., 2002). 
14 
These four dimensions can be expressed mathematically in phase space. In Figure 1.3 
a three-dimensional stability landscape is depicted. There are two basins of attraction. In one 
basin, the current position of the system and three aspects of resilience, L = latitude, R 
= resistance,     Pr = precariousness. In Figure 1.4, changes in the aforementioned stability
landscape depicted in figure 1.3 have resulted in a contraction of the basin the system was in
and an expansion of the alternate basin. 
Selective logging can cause shifts in these basins, so that one becomes more dominant 
relative to the other. The precariousness threshold in our case, would be a compositional one 
based on maximum numbers of true pioneers relative to climax tree species as present in the 
mature forest and derived from permanent or temporary sample plot data. 
Therefore, we can define resilience to selective logging as how well the forest 
manages to maintain its climax functional composition within predefined limits as 
determined by field data. A stand or forest that manages to maintain compositional integrity 
more than another and for which changes that are significant begin to occur at higher 
intensities of logging, is more resilient. 
This is a very logical and practical way to address the issue in closed tropical forests, 
where trees are the physiognomic dominant of the community and therefore, the focus should 
be on what happens to the tree community; this could serve as an indicator for other groups 
of organisms (e.g. Burrows, 2000). The benefits of using functional forest composition  
in relation to this are discussed in section 4. 
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Figure 1.3: Phase or state space diagram in which each axis represents a variable of a system with any number of variables, 
so a point in this space describes the system's total state. Here the two states are the secondary forest (Larger basin to the 
left) and the primary forest (smaller basin to the right). The specific forest or stand represented here is at the equilibrium of 
the primary forest. From Walker et al. 2004. 
. 
Figure 1.4: Contraction of the basin of attraction in response to perturbation and exceedence of the precariousness 
compositional limit. The community has changed composition in a way that regression to secondary forest has occurred. 
From Walker et al. 2004. 
It is known that anthropogenic activity can decrease or increase ecosystem resilience 
to a specific perturbation (Walker et al., 2004; Orlove et al., 2005). This may happen in 
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several ways but mostly by changing the functional composition and/or gene pool (for 
example, different crop species or varieties of a species) of one or more populations of plants
or animals (personal observation). Increases can happen either deliberately or accidentally.
One example of the former is deliberate planting of fire resistant tree species in managed 
landscapes that are burned as part of the land management plan.An example of the latter is a 
fire adapted community of species that due to repeated burning is composed mostly of such 
species. 
In our case, we are aware that this may for instance logically mean, that repeated 
logging events may indeed cause the increase in more “resilient” tree species without 
breaking the equilibrium of the undisturbed forest. This is one instance where the resilience 
may be increased. Such forestry practices have been adopted for a fairly long time in 
temperate forestry and particularly, in European forests with the aim of creating forests that 
can yield more timber whilst still being able to provide all related ecosystem services to 
acceptable levels (Jameson, 1995; Matthews, 2001; Peterken, 2001). For our purposes, 
both the time scales addressed and the practices to be examined do not allow room for this
type of error. 
This framework forms the basis for the theory to be tested, that is explained in section 
5.
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5. Objectives and outline of this thesis
5.1 Aims of the thesis 
The aims of this study are: 
To determine whether ecosystem complexity or relative abundance of specific 
ecological groups of tree species is the most important relative to the other in determining 
ecological resilience and rate of recovery to logging of tropical moist forest. The 
methodology to achieve this should include work at two levels. The first  level is examining 
the behavior and performance of ecological guilds of trees to selective logging and drought 
induced gap formation respectively using actual response data from the field for whatever 
range of ecological and temporal conditions is available. The other level is through the 
development and parameterization or use of already existing suitable simulation models 
that can in series be used to enable the study of long-term effects of alternative logging 
scenarios on functional group composition for three different areas of the Amazon ranging in 
ecological conditions relevant to the objectives of the study to fill in the missing areas of 
knowledge that actual field data cannot at present provide.
5.2 The Null hypothesis and the alternative hypothesis 
As with every thesis, the purpose of this one is about testing a theory. 
This is that ecological resilience of individual Amazonian terra firme forest stands and 
forests is positively dependent on functional compositional diversity. Undisturbed climax 
stands that are composed to a greater extent of so called light demanding hardwoods as 
defined by Whitmore (1989) are less resilient relative to ones with less. This pattern occurs 
not only at the stand level, but also at the forest and the Amazonian basin level. In essence, 
we are testing the diversity insurance hypothesis (see Shijo & Anitha, 2009) for tropical 
moist terra firme Amazonian forest with respect to logging disturbance. 
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From the four aspects of ecological resilience discussed in section 3 in this 
thesis, only two are addressed: resistance and precariousness. Panarchy is therefore not 
included as is not latitude.
It is obvious that the scale this study worked on made the concept of panarchy an 
irrelevant one as it relates to a more specific context to the general patterns, the aim of which 
is to examine for the purposes of this thesis. Latitude was also an aspect that was not 
realistically addressable. This is because it is known that although logging disturbance would, 
after an amount of time and at the appropriate intensity, cause irreversible changes to
the ecosystem, this would happen at time scales that would never be addressable with 
currently available datasets even with the help of simulation models. Therefore, this aspect 
was also not addressed. 
Ecosystems are composed of populations of individual species or groups of species 
interacting with each other. Therefore for addressing such a theory the analysis must be done 
at both these levels. For the first this means an analysis of the performance of the
individual populations of the different functional groups to relevant forms of 
disturbance and for a gradient of intensities within each. For addressing the second level a
comparison  must be made of different communities with varying proportions of these
functional groups  with respect to their reaction to varying intensities of selective logging
and correlate this with differences in functional composition of the ecosystem. With respect 
to this, the feedback effect of management on the forest system in terms of potentially
increasing resilience (see section 3) will not been addressed because of the nature of
the specific hypothesis. 
The forest of the region is very heterogeneous and the information is fragmentary, not 
only in the scale of time, but also in space. As a consequence, this theory had to be tested by 
looking at the response of different suitable case studies and filling the gaps in the
information through data constrained simulation modeling. 
The effect of drought was also examined because of the similarity of the disturbance 
event caused by the opening of the crown via death of mostly canopy and emergent sized 
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trees, which produces a pattern very similar to the one caused by low intensity logging and 
related silvicultural operations both in the scale of space as well as time. In addition to this, it 
helps directly validate response from actual logging sites or being an artifact of the data, 
especially when the record is fairly long in time as in our case (see section 5.3 for further 
details). 
I base the following null hypothesis on the theory presented above and I attempt to 
test it using the methodology described: 
Forests of the eastern Amazon and of the Manaus region in particular, are 
more ecologically resilient to logging in relation to the southwestern Amazon. This is 
because of the much greater functional compositional variation in conjunction with no 
significant dominance of any one group of species in relation to the Southwestern Amazon.  
The greater complexity and diversity makes these more resilient to disturbance. More 
specifically, because there is a larger complement of ecological strategies, the gaps 
created by logging disturbance that are of varying size and stereometry are more easily 
filled since there is an increased chance that this will be colonized by a mature forest 
species due to  a larger diversity of strategies available. The same applies to response 
of trees already present, as there is increased chance that they will respond positively.
I will compare this null hypothesis with the data from response in the field and simulation 
models; if this null hypothesis is to be rejected, I propose the following alternative: 
The forest of the South Western Amazon is considerably more ecologically resilient to 
logging disturbance than the forests of the eastern Amazon and especially, the Manaus 
region. This is because of the much greater proportion of light demanding hardwoods (LHW) 
in these areas as part of the mature forest community that permits a more rapid recovery 
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from any disturbance event comparatively. Trees belonging to this ecological group have the 
ability to respond more readily to gap formation when present on a site, and they have the 
capacity to regenerate both in the shade and in the light and can survive successive periods 
of suppression and release, irrespective of the life stage of the tree that this happens. This is 
because this is a situation characteristic of canopy tree removal as part of a harvesting 
schedule in a managed forest. 
5.3 Study sites 
This research was based on data from four main sites - three in the legal Brazilian 
Amazon and one in the Southwestern Peruvian Amazon. Sites were selected on the basis of 
the research by ter Steege et al. (2006) that was mentioned in section 3. Figures 1 and 2 show 
the location of each site relative to two important characteristics for this study: wood density 
and seed mass of trees in permanent sample plots. The majority of the permanent sample 
plots used in this study are the ones used to prove specific differences in functional 
characteristics that the hypothesis of this study was for (for further details of this see sections 
4 and 5). 
The sites were in terra firme forest. They span a gradient of tree species richness and 
subsequently, compositional differences (see Figure 2). The greatest richness is found in 
Manaus followed by Caxiuana in addition to Tapajós km 83 and then, Madre de Dios (Puerto 
Maldonado). The sites in this series thus also span a gradient of increasing proportions of 
early successional species in the distribution (see ter Steege et al., 2006 for further details). 
Sites were within these and were also typical especially with respect to ecological status of 
the forest of the region (ter Steege et al., 2003). These sites are known to exhibit differences 
in terms of net ecosystem dynamics (diameter growth, recruitment and mortality), related to 
differences in composition and consequently ecological characteristics of the community 
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such as wood density. Table 1.1 gives some vital environmental statistics for the sites. We 
can see that the main environmental difference is that of seasonality in the distribution of 
rainfall and the main ecological one is tree species richness. Table 1.2 describes 
the monitoring sites datasets and their uses. Figure 1.1 provides values for the most 
important environmental parameters for the three areas used in this study. Figure 1.2 gives
the relative geographical location of these sites along with important ecological 
parameter values and characteristics of the datasets used for this study. All three sites were
classified as Af in the Koppen climate system and as tropical moist forest in the Holdrige life 
zone classification (Satyamurty et al., 2007). 
Site Length of dry 
season (months) * 
Soil type 
(USDA system) 
Mean yearly 
rainfall (mm) 
Topography
Manaus (Brazil) 
2 Oxisol 
2,285 Mostly gently 
rolling 
Tapajós and 
Caxiuana (Brazil) 3 Oxisol 
1,909 
Mostly gently 
rolling 
Madre de Dios 
(Peru) 4 Oxisol 
1,568 Mostly gently 
rolling 
Table 1.1: Comparative vital environmental statistics figures for the three areas. Data is from
relevant literature.* this is defined as the number of months with an average rainfall < 100mm/month. 
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Table 1.2: Monitoring permanent sample plots used in this study. Classes of disturbance primary and logged with 
silviculture. Dbh-diameter at breast height. The use of each dataset in each chapter can be seen; use was selective. 
Project name and 
area 
Forest 
disturb 
category 
Area of main 
plot and total 
plot area (ha) 
Subplot size Number 
of years 
monitored 
(average) 
Datasets 
characteristics and 
use 
TEAM network for 
nature conservation 
(Manaus + 
Caxiuana) 
Primary 1 ha(12) 
6 in Manaus, 
6 in Caxiuana 
20x20 m for 
Manaus, x,y 
coordinates 
for Caxiuana 
4 10 cm min dbh: Brazil 
(chapters 4,5) Caxiuana 
only as input for 
simulation experiments 
(chapter 5 only) 
Biological dynamics 
of forest fragments 
(Manaus) 
Primary 1 ha (18) 20x20 m 19 10 cm min dbh: Brazil 
(chapters 2, 4, 5) 
Research Program in 
Biodiversity 
(Manaus) 
Primary 0.96 ha (69) 20x20 m 5 10 cm min dbh: 
Brazil (chapters 3, 4) 
Previous Woods 
Amazonas limited 
crop (Manaus) 
 Recently 
logged
0.5 ha (18) 10x10 m 5 15 cm min dbh: 
Brazil (chapters 3, 4) 
Instituto de 
investigaciones de la 
Amazonia Peruana 
(Puerto Maldonado/ 
Madre de Diós) 
Primary 1 (10) 20x20 m 12 10 cm min dbh: 
Peru (chapters 4, 5) 
LBA-ECO project 
(Tapajos km83) 
Primary 18 ha (18) No spatial 
resolution 
selective 
sample 
4 10 cm min dbh: Only 
trees in and around 
logging gaps monitored 
Brazil (chapter 3) 
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5.4 Thesis outline 
In Chapter 2 The actual responses to drought on the population dynamics of trees > 
10 cm dbh from 18 one ha plots over a 23 year period of the Manaus BDDFP plots 
are examined. Differences in responses are compared between species that were 
classified into three ecological guilds based on ecological succession status. The objective is
to examine the relevant characteristics of each group relevant to response to canopy opening 
in the absence of any major disturbance and how the different groups respond to stress and 
canopy opening caused by drought stress. 
In Chapter 3 The actual responses to selective logging and silivicultural treatment on 
diameter increment of trees >10 cm dbh over a 3 year period following reduced impact 
logging disturbance of the Itacoiatiara PWA ltd 16 half ha plots and a sample of trees in and 
around logging gaps of the Tapajós km 83 site are examined in relation to undisturbed forest 
for both sites. Differences in responses are compared between species that were classified 
into three functional (ecological) groups based on ecological succession status.
In Chapter 4 The statistical recalibration of a model for two separate 
permanent sample plot areas in the Amazon, one in the Manaus region of Brazil and 
another in the Puerto Maldonado region of Peru is described. Then the effect of 
incorporating drought disturbance for these model variants in the SYMFOR modeling 
framework is examined. This is done  in an attempt to improve model performance in
undisturbed forest simulations in terms of maintenance of species coexistence over long 
periods of time .The objective of this is to examine differences with non-inclusive variants
in terms of behavior following a relatively heavy timber harvest. The ultimate goal is to 
attempt to improve upon the model itself. 
In Chapter 5 several alternative scenarios of selective logging disturbance 
are evaluated using the two simulation models recalibrated separately for three different 
forest areas of the Amazon as part of this thesis, in addition to one already recalibrated 
previously 
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for another area. The long-term effects on stand level functional composition and density are 
determined and compared among the scenarios both within and between the different 
areas. For this objective, permanent sample plot data from the Manaus, and Madre de Dios
(Puerto Maldonado) regions are separately used to parameterize a simulation model in
the SYMFOR framework for each of the two areas. For Caxiuana, data from permanent
sample plots are used to initialize model simulations for an already recalibrated model for 
this area.  The version of the model used was the Tapajós/Jari one in the latter case (for
details see Phillips et al., 2004; van Gardingen et al., 2006). 
In the final chapter (chapter 6) the main results from the previous chapters 
are summarized and discussed. Additionally, the implications of the results for sustainable 
forest management and biodiversity conservation are evaluated. 
Chapter 2 
Dynamics of Ecological Species Groups of Trees in a 
Primary Brazilian Tropical Rainforest and the 
Influence of two Severe Droughts 
Abstract 
We studied the response of three ecological groups of tree species based on wood density and adult 
stature to drought events in the Manaus region, Central Amazonian Brazil. Data were collected and 
analyzed from trees >10 cm dbh from 18 one ha plots over a 23 year period in a primary forest 
undisturbed by any anthropogenic activities. The classification of species into ecological groups
was based on their wood density and maximum potential height at maturity. Group 1 was the latest 
and group 3, the earliest succession. Two drought events occurred in the area during this period. The 
first survey took place in the wet season of 1983, and the second in the dry season of 1997. Average 
annual diameter growth rate in centimeters was compared among ecological groups for successive 
time intervals as where annual mortality and recruitment rates for all stems and for each ecological
group . 
     The analyses indicated that droughts have a significant impact on the dynamics of the forest
with increased rates of diameter growth, recruitment and mortality relative to the pre and post
drought period periods. The pattern was more pronounced for the 1983 drought than in 1997. At
the stand level, diameter growth was reduced in both drought periods as a consequence of stress 
but recovered relatively rapidly after that. Mortality remained elevated for several years after an 
event. Recruitment responded in a similar fashion to mortality. There was a significant 
differentiation of ecological groups irrespective of intercensus period for the variables diameter 
growth and mortality rate but not recruitment rate. The interaction between time and ecological 
group was also statistically significant. Results indicated that there was a gradient of 
performance with earlier successional species responding better to disturbance than later 
successional ones with an intermediate group also existing. These results are in agreement with 
previous research findings and are in favor of the alternative hypothesis of this thesis.
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1 Introduction 
The current scientific consensus is that the relatively large diversity of tropical tree 
species can be classified within a narrow range of ecological groups (Baraloto et al., 
2012; Mayfield et al., 2013;Flores et al., 2014). These can broadly be separated into
climax and pioneer species.They can also be separated further on this basis with an
intermediate group known as the light hardwoods (LHW). (Quevedo, 2006; Whitmore, 
1989). This group,although typically present in larger numbers in primary undisturbed 
forest compared to secondary forest, is characteristically considered to be more adapted to
disturbance than the climax tree species group (Whitmore, 1989). They are therefore, 
expected to perform better under these conditions in relation to the climax species and be at 
an intermediate level  of performance  relatively with the true pioneers. 
One very common form of natural disturbance in tropical rainforests is drought 
(Holmgren et al., 2001; Foley et al, 2002; Engelbrecht et al., 2007; Phillips et 
al., 2009;Brown et al.,2011;Lewis et al., 2011;Coelho et al., 2012;Shefield et al., 2012).
The stress caused by drought on individual trees can lead to their death and therefore, to 
periodic thinning of forest stands. In certain cases, large gaps are formed by the death of 
canopy and emergent trees (Silk, 2004; Nepstad et al., 2007; da Costa, 2010; Saatchia et 
al., 2013;Wang et al., 2012). This event can cause drastic alterations to the microclimate of 
the stand, while the associated disturbance can create microsite conditions that are 
significantly different to the initial ones and overall more favorable for disturbance
adapted tree species (Nepstad et al., 2007; Markesteijn 2010; personal observation). It is 
therefore interesting to examine whether or not under drought, a natural form of 
disturbance directly analogous to selective logging (for a detailed justification of this, see 
chapter 1 section 2 of this thesis), there is a gradient in performance of these species 
groups. 
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In this chapter, we examine a 23-year record of growth, mortality and recruitment of 
trees in a primary rainforest in the central Brazilian Amazon, in particular the Manaus Region 
in Amazonas state. The aims were to determine how growth, mortality and recruitment rates 
of different ecological groups (guilds) change in response to El Niño driven drought 
in previously undisturbed forest, and how these responses differ by drought type within this 
category (wet season dry spell vs. dry season extreme). Data came from 18 one hectare
plots for trees >10 cm dbh in undisturbed continuous tropical moist forest . 
We hypothesize that the three ecological groups examined respond differentially to 
the drought stress and associated canopy opening with more early successional groups, 
performing better. This would also be in agreement with the alternative hypothesis laid in this 
thesis which would specifically mean that compositional diversity is more important for
stand level resilience in relation to proportion of disturbance adapted species (see Chapter
1 section 5.2 of this thesis for further details). We test this hypothesis by analyzing response 
of the populations of the ecological groups in terms of annualized recruitment, mortality 
and diameter growth rates. 
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2 Materials and Methods 
2.1 Site description 
The Manaus region is an area in the northern end of the state of Amazonas, Brazil in 
inland northern South America. The region is in the zone of continuously wet tropical 
rainforest (Laurance et al., 2004). In the current interglacial period and up to present, the 
region is covered in its entirety by closed, lowland tropical rainforest (Laurance et al., 2004). 
The area has several forest reserves both privately owned and public. The 
Biological Dynamics of Forest Fragments Project reserve (BDFFP) is the forest of an
experimental farm  of the region and is run jointly by the Smithsonian Institution Center
for Tropical Forest Science and  the Institute for research in the Amazon (INPA). The
purpose of the project (BDFFP) from which the reserve is named, is to examine the effects of 
varying degrees of forest fragmentation on the dynamics of the forest and for this purpose a 
number of permanent sample plots to monitor changes in the vegetation is maintained. The 
BDFFP reserve area is approximately 90 km outside the city of Manaus (2°51'31.24"S; 
59°53'17.36"W) in an area of gently rolling hills ranging from 10 to 50 m a.s.l and 
consequently, the forest is terra firme (not seasonally flooded). Rainfall in the BDFFP reserve
is approximately 2500 mm per annum. There is a distinct dry season from June to
October each year, but the monthly average is below 150 mm for only June and July 
during this period and consequently, the forest is evergreen. 
The Holdridge life zone classification is tropical moist forest (Laurance et al., 
2004). The forest is an area of extreme tree species richness with on average more than 
280 tree species per hectare and an associated low dominance index per species (ter 
Steege et al., 2003; Laurance et al., 2004). Soils are classed as sandy to clayey loams 
(Laurance et al., 2004). 
Monthly rainfall readings from the Manaus rainfall gauge station run by the Instituto 
Nacional de Meteorologia (INMET) were obtained for the period 1981-2001. Two 
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strong drought events associated with the El Niño southern oscillation (ENSO) occurred -
one in 1983 and another in 1997 - (Condit et al., 1995 ;Wiliamson et al., 
2000;Marengo et al., 2011;Coelho et al., 2012).The two drought events differed
significantly in behavior. The first occurred in 1983 and was an unusually severe dry spell 
right in the middle of the wet season, where rainfall dropped to 60% of the average 
for that period. The second occurred in 1997 and was an unusually severe dry season 
during which as little as of 30% of average rainfall occurred, in relation to the pre and post 
drought average (Satyamurty et al., 2010). These drought periods fell in the intercensus 
periods 1 to 2 and 3 to 4. (Table 2.1). 
2.2 Data Collection and treatment 
The data analyzed in this chapter were collected by personnel of the 
Biological dynamics of forest fragments project in collaboration with the Institute for 
Research in the Amazon (INPA). All 18 permanent sample plots (PSPs) of 1 ha used in this 
study were inside continuous primary forest. The project has other PSPs installed, but 
they are either in relatively small non-continuous fragments or at the edge of the forest 
with pasture in which the effect of fragmentation is also present and for this reason were 
left out of the analysis. Each of the PSPs that was used was established in the 
period 1981 to 1983. The plots where set up and each 1 ha (100 m by 100 m) PSP 
was delineated and later artificially divided each into 25 square subplots of 20 by 20m 
dimensions. Tree identity and dbh of all stems >10 cm dbh in these were measured at 
the first census which varied in time between individual plots. Also at each 
subsequent census after this, death of any stems >10 cm dbh and recruitment of new 
stems into the >10 cm size class was additionally noted. BDFPP personnel identified 
each stem to species level for 85% of the sample and to a genus level for a further 10%. Each 
census took 2 to 4 months to complete. The time between individual censuses (intercensus 
period) ranged in the scale of years and was different between individual PSP. 
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Table 2.1 summarises this information by providing the midpoint in time of that
intercensus period  as a calendar year across all the individual permanent sample plots.
The maximum number of years that any of the plots used was monitored was 17 years.
 Intercensus period 
1 2 3 4 
Intercensus period 
Midpoint (years) 
05/82 06/86 07/91 6/99 
Table 2.1: Intercensus period (time between two successive measurement campaigns) midpoint year for the permanent 
sample plots (PSPs) of the biological dynamics of forest fragments project (BDFFP) undisturbed forest permanent sample 
plots used in this study. 
For purposes of statistical analysis, all tree species (excluding palm species-Arecaceae 
family) with an average maximum potential height of at least 5 m were used. These were 
classified on the basis of two traits. These where oven dried wood specific gravity or density 
class and maximum potential height class respectively. These traits have been consistently 
proven to correlate well with mortality , recruitment  and growth rates while at the
same time are very good predictors of successional status when combined (Gourlet-
Fleury et al., 2005; King et al., 2005; King et al., 2006; Poorter et al., 2008; Aubry-Kientz 
et al., 2013). This classification also separates the long lived pioneers from the short
lived ones. For the purposes of the work described in this thesis there were three 
functional (ecological) groups: Climax, Light hardwoods (LHW) and “true” pioneers. A 
similar ecological grouping scheme was used prior to this study by da Silva et al. (2004). The 
methodology used to classify species for this type of analysis and to separate between the 
specific ecological groups was similar also to the 
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latter one used by Aubry-Kientz et al. (2013) for analyzing mortality data from permanent 
sample plots in a neotropical forest in French Guyana similar to the ones used for the study 
described in this chapter of the thesis. Their respective ecological characteristics are given in 
table 2.2. 
The wood density classes were derived based on statistical analysis of the largest 
database of tropical tree species bole wood density for tropical south America at the 
time of the work of this thesis (Chave et al., 2006) . The procedure involved locating in 
this database all the species in the permanent sample plot database used for the purposes of 
this thesis, then finding the true pioneer species and separating these from the non pioneers ,to 
arrive at a midpoint value for the two sub-sets. This resulted in the dichotomy of table 2.2 . 
Adult stature classes were derived by an exhaustive literature survey of other
similar studies (Piccard & Frank, 1997; Kohler et al., 2000; Phillips et al., 2004 and 
Code Name   Wood density (g/cm3) Average adult stature (m) Example species
1 Climax 0.49 5 Hymenea intermedia 
2 LHW < 0.48 15 Goupia glabra 
3 Pioneers < 0.48 < 15 Cecropia spp. 
> >
>
Table 2.2: Ecological or functional groups used in this study with respective traits of bole wood density and adult stature as 
maximum potential height and value ranges used for aggregation. All species had an average maximum potential height of 
at least 5 m. 
others). Following this, species with values available for one trait where assigned to groups 
based on the value of that and on the basis of where the genus was most abundant. Finally 
species with no trait information where assigned to groups with the highest abundance of that 
genus or other taxonomic group available. Individuals with unknown taxonomy where assigned  
based on abundances of the groups in the plots, from the earlier stages. 
2.3 Data Manipulation and statistical analysis 
2.3.1 Changes in growth rates 
Changes in annualized diameter growth rate (cm per year) using the formula proposed 
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Where dbh2 is the diameter at breast height of the individual tree at the second measurement 
campaign, dbh1 is diameter at breast height and t is the intervening time in years between the 
measurements. 
In the present case of diameter growth, multilevel structure arises from the fact 
that unique individual trees were measured repeatedly in consecutive years (Table 2.1).
Each individual tree in the available dataset is unique due to its particular genotype, local 
environment, and individual growth history. As a consequence, the growth records of a 
particular tree are expected to be more similar than the growth records from two randomly 
selected trees (e.g. of the same size and same species). Random effects account for such 
dependencies in the data, allowing simultaneous analysis of individuals and the groups to 
which the individuals belong (Vincent et al., 2009). In the present case, one random effect 
was introduced at the subject grouping level in the model: a random intercept (capturing 
the mean individual tree effect) and a random slope (the individual tree's specific sensitivity 
to drought-average difference in relation to the pre and post drought periods). In addition, 
individual tree records may be auto-correlated with respect to time (e.g. Arets, 2005; 
Briennen et al., 2006). Indeed, any change in access to light or any change in crown form that 
a tree may have faced would tend to create a positive correlation in growth rates measured 
closer in time. There is also the general statistical argument that successive 
measurements taken on the same individual unit (in our case the tree) are not statistically 
independent of each other (West et al., 1984; West et al., 1995). Both have been proven to 
create dependencies as well (West et al., 1995; Vincent et al., 2009). 
Hence a lag-1 autocorrelation in the within group residuals was included. In other 
words, we modeled the residual error of a particular tree a given year (i.e. the growth rate 
component unexplained by the effects in the model) as a linear function of the previous year 
 (𝑑𝑏ℎ2 − 𝑑𝑏ℎ1)/𝑡  (1)
by Clark & Clark (1992) and described in equation (1) were investigated using mixed 
regression to account for dependencies in the data due to the nesting structure in multilevel 
datasets like this one (West et al., 1984; West et al., 1995; Vincent et al., 2009)
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residual error plus a random term with zero mean, independent of the previous observations. 
The structure of the model is described by equation (2) 
  Yi,j = m+Ai,j  x + Bi,j   + i  +i,j
where Yi,j  is the annual growth of tree i on intercensus period j,  Ai,j  is the n (number of 
observations) x p design matrix for fixed effects (coding for species group and time point-
intercensus period-), is a vector with dimension p of fixed regressors (which do not vary 
across individuals), Bi,j   is the t (number of successive measurements per plot) x m (number 
of trees per plot) design matrix for random effects,  iis a random effects matrix with 
dimensions  m x 2 holding the intercept ai   and slope bi    of the individual tree response to 
drought .  
Both slope and interecept are independent and identically distributed (i.i.d.) with 
normal distribution as follows: aand bi ~b
Finally, i,j  the residual error with autocorrelation coefficient is described by equation 
(3) 
i,j  = x i,j-1  +i    , where    i  ~t(3) 
The complete starting model included the following fixed effects: species group (3 
levels-groups) and time point (4 levels-time periods) and all possible 2-way interactions 
between the fixed effects. Significance of fixed effects was systematically assessed using a 
marginal conditional F-test. The level of significance for accepting an effect as significant or 
not was P=0.05. All analyses where conducted in GENSTAT v12.1 using the REML 
algorithm (subroutine) for analyzing repeated measurements data. 
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2.3.2 Changes in mortality and recruitment rates 
Changes in main plot (100x100m) annualized mortality and recruitment rates for each 
functional group across time were examined by using equation (4) proposed by Sheil et 
al. (1995) for mortality and the equation (5) Proposed by Sheil et al. (1996) for 
recruitment. Separate analyses were conducted for each of the two sets of plots as with 
diameter growth. 
The equation for calculating mortality rates (equation 4) was as follows: 
𝑚 = 1− [
𝑁𝑜−𝑁𝑚
𝑁𝑜
]
1
𝑡
 (4) 
Where No is the total numbers of stems of the particular functional group at the beginning of 
the time interval t, and Nm is the number of recorded dead trees during the interval. 
The equation for calculating recruitment rates (equation 5) was as follows: 
𝑟 = 1 − [1 −
𝑁𝑖
𝑁𝑡
]
1/𝑡
 (5) 
Where Nt is the total number of stems at the end of the time interval t and Ni is the 
number of recorded recruits (i.e. ingrowths) in the particular size class during interval t. 
Mortality and recruitment rates were calculated for each functional group separately 
within each one hectare plot as follows: for each 1 ha plot the total number of live individuals 
for each group was identified at t=1(present census) along with the number of dead and 
recruited individuals separately at t=2(next census). Then, the equations for recruitment and 
mortality were applied on separate occasions for each subpopulation of each functional group 
within a one hectare plot. Prior to analysis, the appropriate correction factor described by 
equation 6 and proposed by Lewis et al. (2004) was applied to all observations to make the 
assumption that time intervals of the respective intercensus period were equal, valid. 
(6)λcorr=λ∗t0.08
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 Where λ is the rate and t is the time between censuses in years. This factor is based 
on intensive data analyses from a relatively large forest dynamics plot network across the 
humid tropics (for details see Lewis et al., 2004). 
This methodology ensured that valid aggregations of meaningful quantities were 
performed, while changes in these quantities were not affected by differences in measurement 
campaign dates (always including the beginning and the end of the drought in the inter-
census period). Furthermore, by examining mortality and recruitment in this way, more subtle 
differences between the time steps could be traced in relation to other measures such as 
number of live or dead trees per one hectare plot per time step. Recruitment and mortality 
were analyzed separately by assuming that each observation of recruitment or mortality was 
an individual data point that was observed for a subpopulation of that functional group, 
within each one hectare plot. Individual subpopulations of trees of a specific functional group 
that exist in different parts of the forest are differentially affected by the drought events due to 
the uniqueness of the environment that each population is growing (different soil, different 
position of the individuals in the forest and so on). 
Furthermore, temporal autocorrelation may occur as a result of unique changes that 
can occur in a population on a specific site, as a result of new trees recruiting or dying that 
cause changes in quantities such as the diameter distribution of the population that can affect 
mortality or recruitment at the next time step. 
In this case, we used the variable one hectare plot subpopulation mortality or 
recruitment rate (annualized recruitment or mortality rate per hectare for that functional 
group). One random effect was introduced at the subject grouping level in the model: a 
random intercept (capturing the mean individual one hectare plot effect) and a random slope 
(the individual one hectare plot subpopulation specific sensitivity to drought-average 
difference in relation to the pre and post drought periods). 
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We also included a lag-1 autocorrelation in the within group residuals. In other words, 
we model the residual error of a particular population of a group on a given year (i.e. the rate 
component unexplained by the effects in the model) as a linear function of the previous year 
residual error plus a random term with zero mean, independent of the previous observations. 
The structure of the model is described in equation (1) .Here Yi,j  is the
annual recruitment or mortality rate of subpopulation i in year j, Ai,j is the  number
of observations or n multiplied by p which is a design matrix for fixed effects (coding for
species group and  time point-intercensus period),  is a vector with dimensions p of
fixed regressors (which do not vary across individual subpopulations), Bi,j  is  the number of
successive measurements per plot or t  multiplied by the number of subpopulations per plot 
(m),iis a random effects matrix with dimensions m multiplied by 2 holding the intercept ai
and slope bi of the individual subpopulation response to drought, both  of which are 
independent and identically distributed (i.i.d.) with normal distribution as follows: 
 aand bi ~b

and finally,  i,jthe residual error with autocorrelation coefficient isdescribed by 
equation (3). 
The complete starting model included the following fixed effects: species group 
(3 levels-groups) and time point (4 levels-time periods) and all possible 2-way 
interactions between the fixed effects. Significance of fixed effects was systematically 
assessed using a marginal conditional F-test as with diameter growth. The level of 
significance was P=0.05. All analyses were conducted in GENSTAT v12.1 using the REML 
subroutine which employs a general linear mixed model for analyzing repeated 
measurements data. The methodology used is based on the same philosophy to the one 
of Aubry-Kientz et al (2013) used to 
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examine mortality patterns for the same ecological groups to the one of this study for a 
lowland evergreen rainforest in French Guyana. 
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3 Results 
In terms of response to drought the BDFFP reserve forest was significantly affected 
by both the 1983 and 1997 events. This is described in greater detail below. 
For the variable diameter growth in cm per year for trees > 10cm dbh when not taking
time point under account there was  a significant effect of ecological group (F= 96.95, 
d.f.=9150, P<0.001, table 2.3). Irrespective of group ,mean diameter growth was
significantly affected by intercensus period (F=238.55, d.f.=9100, P<0.001, table 2.4). 
The effect was considerably less significant in relation to the other two for the interaction 
between group and intercensus period (F=12.71, d.f.=9150, P<0.001, table 5). More 
specifically, we could see a significant recovery following both drought events for all 
ecological groups (figure 2.1). Mean diameter growth in the drought period was 
significantly lower relative to the post drought one, but there was no significant 
difference between the two events in terms of response both for the entire forest and for 
each ecological group individually. There was a significant difference with respect to
that recovery  in that it was less pronounced following the 1997 event relative to the 1983 one.
For the variable annualized mortality rate, there was a relatively less significant effect 
was that of ecological group (F=4.01, d.f.=204, P=0.019, table 2.3). A more significant effect 
for intercensus period alone (F=45.18, d.f.=204, P<0.001, table 2.4) was noted. The 
interaction between ecological group and time period also showed a statistically significant 
effect (F=8.92, d.f.=204, P<0.001, table 2.5). 
For the variable annualized recruitment rate, we only had two statistically significant 
effects as the effect of ecological group alone was not significant (F=0.19, d.f.=204, P=0.829, 
table 2.3); The first was the effect of intercensus period (F=36.65, df=204, P<0.001, table 
2.4) and the second, the effect of the interaction between intercensus period and ecological 
group (F=5.45, d.f.=204, P<0.001, table 2.5). 
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During both drought events, diameter growth exhibited a uniform pattern of decrease 
in response to drought and increase following recovery from it (Figure 2.1). A 
greater recovery following the 1983 drought in relation to the 1997 one was apparent. 
Mortality was elevated and so was recruitment during the 1997 drought event, it remained
elevated for some time after (figures 2.1a and 2.1b). However this was only observed in 
pioneer species and the magnitude of the two responses appeared to be similar.
Patterns in mortality rates were significantly elevated following both drought for 
pioneer species. Recovery was rapid after the 1983 one in relation to 1997, which actually
seemed to be related with increased mortality rates overall (figures 2.1a and 2.1b). This
was especially so for group 3. More particularly, this group exhibited an oscillating 
pattern with a decreased average mortality rate immediately after the drought in relation to 
during one. This was followed by an equally significant much higher rate in the middle of the
post drought recovery period and then, there was a drop to levels similar to the ones 
immediately after the drought. With respect to recruitment following both drought 
events, rates were very similar to the ones of mortality (figures 2.1a and 2.1b). They
remained elevated for the remaining time period of monitoring following the 1997 drought. 
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Ecological group 1 2 3 
Annual diameter 
growth rate (cm/year) 0.0000 -0.002186 0.009280 
Corrected 
annualized 
percentage 
mortality rate (%) 
0.0000 -0.0608 -0.3919
Corrected 
Annualized 
percentage 
recruitment rate (%) 
0.0000 -0.0802 -0.2674
Table 2.3: Variance components analysis table of effects of coefficients of the mixed effects model for the effect of 
ecological group(upper horizontal column in bold) alone for the variables diameter growth (cm/year), annualized %
mortality rate and annualized % recruitment rate(vertical column in bold) for 18 ha of permanent sample plots of
undisturbed forest of the Biological dynamics of forest fragments project for 3 ecological groups. 
Time period 1 2 3 4 
Annual diameter 
growth rate (cm/year) 0.0000 -0.06498 0.01370 0.06980 
Corrected  
annualized 
percentage 
mortality rate (%) 
0.0000 -0.08854 -0.16309 0.04185 
Corrected 
Annualized 
percentage 
recruitment rate (%) 
 0.0000 -0.0391 0.2890 0.1574 
Table 2.4: Variance components analysis table of effects of coefficients of the mixed effects model for the effect
of intercensus time period alone (upper horizontal column in bold) for the variables diameter growth 
(cm/year), annualized % mortality rate and annualized % recruitment rate(vertical column in bold) for 18 ha of
permanent sample plots of undisturbed forest of the Biological dynamics of forest fragments project for 3 ecological 
groups.The midpoint of  intercensus time period 1 was the middle of the year 1982  which was only a few months before the 1983 
wet season drought while the midpoint of intercensus time period 4 in the middle of 1999 less than two years after the dry season 
drought of 1997. Page 30 section 2.2 of this thesis.
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Time period 1 2 3 4 
1 Annual diameter 0.00000 0.00000 0.00000 0.00000 
2 growth rate  (cm/year) 0.00000 0.08703 0.05208 0.08716 
3 0.00000 0.10300 0.05331 0.08790 
1 Corrected  0.0000 0.0000 0.0000 0.0000 
2 Annualized 0.0000 0.0417 0.1240 0.1992 
3 percentage 
mortality rate (%) 
0.0000 0.1635 0.6197 0.4638 
1 Corrected 0.0000 0.0000 0.0000 0.0000 
2 Annualized 0.0000 0.0426 0.1030 0.2099 
3 percentage 
recruitment rate (%) 
0.0000 0.1024 0.7580 0.3381 
Table 2.5: Variance components analysis table of effects of coefficients for the mixed effects model for the interaction 
effect of interecensus time period (table 2.1 for chronological details) and ecological group for the variables diameter 
growth (cm/year), annualized % mortality rate and annualized % recruitment rate for 18 ha undisturbed forest for 3 
ecological groups (Left vertical column) across time (upper horizontal column). The midpoint of  intercensus time 
period 1 was the middle of the year 1982  which was only a few months before the 1983 wet season drought 
while the midpoint of intercensus time period 4 in the middle of 1999 less than two years after the dry season 
drought of 1997. Page 30 section 2.2 of this thesis.
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Figure 2.1: Patterns in the behavior of the three ecological groups across the four intercensus time 
periods(horizontal axis) ,for stem diameter growth in cm yr-1 (a), corrected annualized mortality percent (b), and 
corrected annualized recruitment percent (c).Error bars represent the standard error of the mean.The midpoint of  
intercensus time period 1 was the middle of the year 1982  which was only a few months before the 1983 wet season 
drought while the midpoint of intercensus time period 4 in the middle of 1999 less than two years after the dry season 
drought of 1997. Page 30 section 2.2 of this thesis.
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4 Discussion 
4.1 Functional groups 
4.1.1 Diameter growth 
When not taking intercensus period under account, diameter growth rate 
was significantly different among functional groups with an apparently positive 
correlation with decreasing successional status (decreasing wood density and adult 
stature class). This was also the case for diameter growth response to drought but
explained a much smaller proportion of total variation in time in relation to intercensus 
period as an individual effect with no interaction with the rest examined in this study.
This amount of explainable variation for both ecological group and interaction with 
time (inter-census period) is of the same order reported by Vincent et al. (2009) for planted 
agro-forest in Sumatra for a natural drought event and da Costa et al. (2007) for an 
experimental drought event but also other areas when not considering response to drought 
with similar grouping schemes for pioneer light hardwoods and climax species again based 
on these or very similar morphological criteria (e.g. Korning & Balslev, 1994; Arets, 2005; 
Feeley et al., 2007; Chao et al., 2008; Poorter et al., 2008; Herault et al., 2010 for neotropical 
forest; King et al., 2005; King et al., 2006 for lowland mixed dipterocarp forest). They 
are also comparable and to the more long term dendrochronological analyses from the
Bolivian Amazon by Mendivelso et al (2014). Irrespective of functional group, the wet 
season drought of 1983 appeared to have reduced growth rates overall as was expected by
relevant ecological theory and the dry season drought of 1997 to have reduced these 
but a lot less so. This is further supported by more recent evidence from satellite imagery
studies(Lee et al., 2013). 
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Based on these results, we  can conclude that functional group as in the present 
grouping system does explain adequately variation in growth rates in response to drought 
stress and canopy opening by the death of large trees. 
4.1.2 Mortality 
Overall variation in mortality rates was significantly but weakly related to 
functional group alone. However the interaction between functional group and intercensus
period was less significant comparatively. The most significant interaction was that of
intercensus period alone. These proportions in variation are comparable to the ones for the 
variable diameter growth, but the total proportion of variation explained is significantly 
smaller. Increases in mortality rates for species with earlier successional status (lower
wood density and adult stature) were observed. 
These results are in agreement with the ones of Chao et al. (2008) for a large scale 
study based on a network of permanent sample plots and another similar one by Poorter et al. 
(2008) conducted across the Amazonian terra firme forest. Also with the studies of Aubry-
Kientz et al. (2013) for a lowland evergreen Neotropical rainforest in French Guyana and of 
King et al. (2005) for lowland mixed dipterocarp forest for a similar grouping system when 
not considering response to drought. Finally, Oatham & Seepersad (2006) for a tropical forest 
in Trinidad and Nepstad et al. (2007) in Amazonian terra firme for response to drought 
present similar findings. Based on these results, it can be concluded that variation in
mortality rates as a function of disturbance by drought, can be adequately explained by 
the present grouping system. 
4.1.3 Recruitment 
When considering functional group alone, irrespective of interaction with intercensus 
period, there was no statistically significant effect of ecological group on recruitment rates. 
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There was however, a significant effect with time (inter census period), but this effect was 
fairly small relative to the effect of simple temporal variation. Overall, the grouping system 
explained variation in recruitment rates adequately, but was third in explaining total variation 
relative to the other two turnover elements of performance (diameter growth and mortality 
rate, respectively). 
These results partially contradict the research of Poorter et al. (2008) that found a 
statistically significant relationship for recruitment for the two characteristics used to 
aggregate tree species into functional groups for the study in this chapter. However, we 
did find a significant effect with time in response to drought disturbance especially for 
pioneers, which is a rather more subtle effect in relation to the former. This may mean that 
the statistical insignificance of the former was an artifact of the dataset, rather than an actual 
effect. Several others have found a significant effect of recruitment for grouping systems 
based on characteristics used in this study in response to drought disturbance with 
increasing recruitment as a function of decreasing successional status (decreasing wood 
density and adult stature). Examples include Manokaran & Kochummen (1987) for lowland 
dipterocarp forest in Malaysia and Curran et al. (1999), Sin-Ichiro & Kanechiro (2002),  
Lingenfelder (2005) and van Nieuwstadt & Sheil (2005) for lowland humid tropical forest 
in Borneo and finally Oatham & Seepersad (2006) for tropical forest in Trinidad.
These results are also comparable to the ones by Arets (2005) for logging disturbance 
and subsequent response to recruitment in a tropical rainforest in Guyana, but also others 
from Brazilian terra firme forest (e.g. da Silva 1989; da Silva 2004) for essentially the same 
grouping system as the study in this chapter. 
Based on these results, it can be concluded that variation in recruitment rates as 
a function of disturbance by drought or logging disturbance can be adequately explained by 
the present grouping system. 
The increased recruitment and mortality following disturbance, especially in 
pioneer species ,an effect which was apparently exclusive to them for the 1997 drought and 
despite being coupled by equally increased mortality may provide a significant 
advantage to an extent in response to either drought or logging disturbance. An important 
factor to take under consideration for comparing mortality with recruitment of 
pioneers relative to other ecological groups is the spatial position they tend to have in 
the stand. More specifically,  as these are species that are light-loving, they will tend to be 
found in areas of the forest that are more open and therefore, more exposed to light as 
opposed to climax species that normally grow in the shade of the forest in general (Condit, 
2000; Seidler & Plotkin, 2006;Tim van Eldik, 2008, personal communication). Light 
hardwoods (LHW) will be found in the vicinity, but not necessarily in the center of large 
gaps considering trees with a minimum dbh of 10 cm. Therefore, this would have caused 
an unusually high mortality of existing stems relative to growing in more 
shaded conditions. Very importantly however, such species would exhibit very high 
recruitment in the newly created conditions of the drought and the proportional 
recruitment would be greater with earlier successional status, specifically those with low 
wood density as is also evident from spatial positioning of such species, especially in 
relation to forest gaps. Mortality risk and diameter growth rate are known to be 
negatively correlated (see Wyckoff & Clark, 1999; Wang et al., 2012).However, 
evidence in the study of this thesis did not support that mortality increased with decreasing 
growth  rates leading to, in fact the very opposite pattern was observed. Therefore, this 
relatively high mortality in relation to other groups can be considered to be at least partly an 
artifact of the individual dataset. This is a common problem with such datasets but 
also datasets in general (Lewis et al., 2004; Lingenfelder and Newbery, 2009). In any 
case,it was however exceeded by recruitment to a significant extent at least in 
terms of biological significance. Furthermore, during drought conditions even when 
trees are not further exposed to the light, they are stressed equally for
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water and nutrients due to intense heat of the drought in relation to baseline conditions. This 
is probably the reason why pioneers performed better as can be inferred as a function of 
recent evidence (Markesteijn, 2010). 
4.2 Performance of functional groups to disturbance 
Here we do see a small, but nevertheless significant, effect of functional group with 
LHW species performing marginally better than climax ones. The difference is not great 
though, but it is potentially significant when considering response to selective logging as 
practiced in the Amazon region. This is because typically, although in such an operation only 
large trees (>35 cm dbh) are removed there is some additional damage during
extraction operations of smaller size trees with the total number of lost stems not 
exceeding on average 10% of the total number of stems >10 cm dbh (e.g. da Silva, 1989; 
Favrichon & Higuchi, 1995; Johns et al., 1996; van Dam, 2000; Arets, 2005; Schulze & 
Zweede, 2006;Hawthorne et al.,2011).
This is also important for considering fluctuations in forest functional composition in 
response to selective logging, because they will tend to be fairly subtle relative to other 
changes such as for example repeated burning and can determine baseline figures for 
resilience of these forests to this form of disturbance. 
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5 Conclusions 
In this chapter we show a significantly better performance in response to drought 
induced gap formation of true pioneers over LHW‟s and climax species because of higher 
diameter growth combined with much higher recruitment rate relative to mortality both 
relative and in relation to baseline conditions for this group and in relation to the other 
two groups. In general the droughts appear to have mostly affected the mortality and 
recruitment rates of pioneer tree species. The results of this study specifically also show 
that LHW species may perform better than climax species and be at an intermediate level of 
performance in relation to these and the true pioneers. This is in agreement with the 
theory proposed by Whitmore (1989). It is important to note that such seemingly minor 
fluctuations can be significant especially for issues like commercial volume yield, because 
the number of commercial stems removed from the forest is a very small percentage in
relation to the average total number of stems >10 cm of around 500 per hectare
(Hawthorne et al., 2011).We can conclude that there is evidence supporting the existence of a 
performance gradient set out to prove as existent in the study of this chapter was 
indeed so. Therefore, primary undisturbed forest stands composed to a greater 
extent from LHW and true pioneer tree species in relation to climax are likely to be 
more resilient relative to others with less. Whether this relationship is true under all
possible variations in functional forest composition and intensities of logging or drought or 
only within a certain range of either disturbance or composition or both is a subject of 
additional research. 
 Chapter 3 
Tree Growth in Logging Gaps of two Tropical 
Rainforest Areas of the Brazilian Amazon: Effect of 
Ecological Species Group 
Abstract 
Selective logging is a widespread form of anthropogenic forest disturbance in the Brazilian Amazon 
and subsequently, the dynamics of tree communities in and around recent logging gaps is an 
important area of study. In this respect, diameter growth of trees is of particular interest because it is 
considered an ideal measure of response to gap formation and is well correlated with the 
related processes of recruitment and mortality. In this study, we tested the hypothesis that faster
growing tree species and therefore, earlier successional ones respond better in relation to slower
growing ones. To do this this data on individual diameter growth of trees > 10 cm d.b.h  where used 
that came from two previously undisturbed areas in the Brazilian Amazon, one in the state of Pará
and the other in the state of Amazonas. In a proportion of these areas timber was harvested using
reduced impact logging techniques. Three years after harvesting, tree diameter growth was  
significantly elevated in selectively logged forest compared to undisturbed forest and this was more
so for Amazonas than Pará. Ecological groups showed irrespective of site or treatment the expected 
pattern of growth rates increasing as a function of successional status with more early successional
species showing overall faster growth rates. In response to logging, diameter growth was significantly 
elevated for both sites for all groups but response was proportional to the baseline conditions of the 
undisturbed forest. However, this difference for pioneer tree species was greater for the Pará site than 
the Amazonas site. It was concluded that overall life history characteristics for the given level of
disturbance have a significant effect in that species with a faster life cycle, generally respond 
better than those with a slower one. This may potentially mean greater resilience to this form of 
disturbance for stands composed to a greater extent from these species in relation to others, but 
more studies are needed to ascertain this. 
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1 Introduction 
Selective timber harvesting is an increasingly widespread form of disturbance in 
tropical moist forest areas. The pattern produced by the removal and dragging of trees is that 
of a mosaic of gaps of varying size and stereometry (van Dam, 2001). It has been 
hypothesized that in the gaps trees would perform differentially according to the ecological 
succession group they could be classified under (e.g. Whitmore, 1989; Yamamoto, 1992; van 
Ulft, 2004; Herault et al., 2010). Pioneer tree species in particular would be expected 
to respond faster because they are adapted to competition free conditions in relation to 
light hardwoods (Walter, 1978; Swaine & Whitmore, 1989; Whitmore, 1995; Arets, 2005; 
Aubry-Kientz et al., 2013). For Neotropical forests, it has been hypothesized that significant 
response can be observed at the disturbance intensities characteristic of the aforementioned 
logging practices (de Graaf, 1986; Jonkers in Fearnside 1989; Whitmore, 1989; Arets, 
2005). If found true, this would indicate that forests with a larger proportion of light 
demanding pioneers in the composition found at the climax state would be more 
resilient in relation to ones with less and therefeore to also be in support of  the
alternative hypothesis of this thesis (chapter 1  section 5.2 for details). This is because
they would have the potential to recover faster from this form of disturbance at least for 
the given intensity level (Whitmore, 1989). The principal reason for this is that they
would be expected to respond better to the reduction in stand basal area, in terms of 
growth of existing trees and would exhibit at the population level increased
recruitment and decreased mortality inside logging gaps (Johns et al., 1996; Sculze &
Zweede, 2006; Hawthorne et al., 2011).
The subject of tree growth following selective logging in tropical moist forests 
in particular has been dealt with by a number of studies. In the Brazilian Amazon, Silva et 
al. (1995) for a selective logging experiment in the Tapajós national forest reported an 
increase 
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in the diameter growth of trees during the first five years after logging but the effect was 
generally short lived and disappeared a decade after the initial harvest event. The same effect 
was noted by Higuchi & Favrichon (1995) for the ZF2 site outside Manaus in the Brazilian 
Amazon and for the Paracou site in French Guyana, both of which had been treated 
experimentally with a gradient of selective logging and thinning treatments. Others also 
report a significant increase in diameter increment followed by a gradual decrease after the 
first few years, returning to pre logging levels in a similar manner for neotropical
(Valle et al., 2006;Herault et al. 2010; Baraloto et al., 2012), Southeast Asian 
(Sist&Nguyen, 2002;Ruslandi et al., 2012;Yamada et al. 2013) and also African 
forests (Ngozang, 2009) . This is associated with the closure of logging gaps and onset of
increased competition in the forest stand as a result of the decrease in free space couple 
with the reduction by basal area growth of existing trees and the recruitment of new
ones (e.g. Lamprecht, 1989; Higuchi & Favrichon, 1995; Guitet et al., 2009). 
This general pattern has been noted in other tropical forests but also in temperate ones 
(Kammesheidt et al., 2003; Free et al., 2014) and is known as “Umsetzen” in German 
silvicultural terminology, though it does not have an English equivalent (Kammesheidt et al., 
2003). The growth response to logging of tree populations of different ecological species
groups is a less well studied area and one which requires caution due to the varying
measures used to define them and to classify species of trees in them. Several studies exist
for groups based on successional status like the ones in the study of this chapter of this 
thesis. In Guyana, Arets (2005) noted that the pioneer tree species did show increased
growth and recruitment rates in response to logging in areas affected by logging, while in
Acre state in and around the center of logging gaps D‟Oliveira (2000) noted that the effect
was indeed the same for average diameter growth but for relative growth rates differences 
were marginal. Vidal et al. (2002) in a reduced impact logging experiment in the eastern 
Brazilian Amazon also noticed that certain commercial species belonging to pioneer 
species responded significantly better in terms of diameter growth than non 
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pioneers but the effect was not consistent across all species belonging to this group. In Costa 
Rica, Finegan et al. (1999) noticed that tree diameter growth considering trees ≥10 cm d.b.h 
was significantly greater for pioneer tree species irrespective of silvicultural treatment.
Finally in Indonesia, Ruslandi et al (2012) found increased growth, mortality and 
recruitment in logging gaps of tree species of the Dipterocarpaceae, a taxonomic
group known to be composed primarily from light hardwood (LHW) tree species (see
chapter 1 section 3 and Whitmore, 1989 for details on their definition). The objective of this 
study was to measure the diameter growth response of trees >10 cm d.b.h growing 
directly in the vicinity of logging gaps for two logging concession areas in the Brazilian 
Amazon and to compare that with growth of trees in unlogged forest areas that included 
natural tree fall gaps in undisturbed primary forest with similar edaphoclimatic 
conditions and species composition. 
We conjecture in relation to the hypothesis of this thesis (see chapter 1 section 5.2 of 
this thesis) that there would be significant differences between ecological groups based 
on successional status in terms of response to logging with a gradient of increasing
performance in terms of diameter growth rate with decreasing successional status.
2 Methods and datasets 
2.1 Study sites 
Our four study sites in the two forest areas in the states of Amazonas and Pará, Brazil 
were: (1) The Precious Woods Amazon (PWA) Ltd site outside Itacoaitiara operated by the 
aforementioned private wood production company, located about 120 km south of the city of 
Manaus, Brazil (2°33'S, 59°20'W); (2) The Adolpho Ducke Forest Reserve transect plots, run 
by the large scale program for research in biodiversity (PPBio), located about 50 km south of 
the city of Manaus, Brazil (2°58'S, 59°43'W); (3) The Tapajós km 83 site, located about 75 
km south of the city of Santarém, Brazil (2°48'S, 54°55'W); (4) The Tapajós km 63 site, 
located about 56 km south of the city of Santarém, Brazil (2°40' S, 54°49' W). For further 
details of these sites with respect to tree measurements see section 2.3. 
Both areas had significant differences in environmental and ecological conditions. 
These are explained more extensively below. 
Mean annual rainfall in Manaus measured between 1961 and 1990 was 2,285 mm, more 
than the average annual rainfall of 1,909 mm in Santarém (measured from 1967 to 1990) 
(INMET, 2001). The major climatic difference among the sites is the seasonality of the 
distribution of rainfall. Annual movement of the intertropical convergence zone across the 
Amazon basin results in distinct wet and dry seasons (Marengo & Nobre, 2001). Rainfall 
during dry season months can be quite low (averaging <100 mm month-1) (Sombroek, 2001). 
We define the dry season length here as the number of months with rainfall averaging <100 
mm/month. Manaus experiences the shortest dry season (3 months, July–September) and 
Santarém the longest (5 months, July–November). Soils at the Manaus and Santarém sites are 
clay-rich Oxisols characterized by low organic C content, low pH, low effective cation
exchange capacity, and high Al saturation (Chauvel et al., 1987; Ferraz et al., 1998; Telles
et al., 2003). Overall relief varies between the two areas. Both sites where in upland (terra-
firme) forest with slopes <10%. 
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In both areas the vegetation is dense terra firme (upland) tropical moist forest or “old-
growth” (Clark & Clark 1996; Higuchi et al., 1997). The Pará site is characterized by a larger 
number of gaps and vines than the Manaus site (Fabricio Bacaro and LBA ECO project, 
personal communication). Tree species richness of stems ≥10cm d.b.h is significantly greater 
in Manaus (280 species/hectare) than in Santarém (190 species/hectare). For more details of 
this ter Steege et al (2006)  provide the relevant information .
2.2 Reduced impact logging treatments 
Logging and silvicultural treatment took place only at the PWA Ltd and Tapajós Km 
83 sites. In both these sites where timber was harvested, logging was highly selective 
removing on average only 2 to 4 commercial trees per hectare above the legal minimum 
felling diameter (MFD) of 50 cm d.b.h in each site. In both sites timber was extracted using 
reduced impact logging techniques to minimize environmental impact. For a detailed 
description of such operations see Lamprecht (1989) and Sist et al. (2003).A brief general 
description of the specific operations follows. At the forest stand level, attempts were 
made at directional felling of trees, vine cutting around trees to be felled where necessary 
and general efforts at minimizing logging gap area and soil and vegetation disturbance 
by felling and dragging trees. In both sites,a  light post exploitation silvicultural treatment 
aimed at releasing potential crop trees (PCT‟s) was applied by girdling non-commercial 
trees competing with selected commercial ones, with the aim of increasing future total 
economic yield from the forest. PWA Ltd forest plots where measured both for  1 year prior to 
logging in 2003 and another time in 2006 after logging operations . In the Km 83 plots 
mensuration had been made on the studied trees at monthly intervals starting 1 year prior to 
logging that took place in 2001, mensuration here continued at monthly intervals until 2004.
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2.3   Mensuration protocols 
      Diameter growth data on trees were available for both Amazonas and Pará state across the 
four sites (PWA ltd, PPBio Amazonas,  Km 83 Tapajós, Km 63 Tapajós). For the purposes of this 
study, the Food and Agriculture Organization (FAO) definition of a tree was  used, as a woody 
perennials of maximum potential height of at least 5 meters. For all sites both permanent and 
temporary sample plots designed to monitor changes in the dynamics of the tree community were 
established prior to this study,although the  area and layout of permanent plots differs among the 
three sites. At all sites except the PWA ltd site, trees ≥10 cm d.b.h were mapped within each 
permanent plot and identified to the genus/species level using field identification. At the PWA 
site, the minimum d.b.h for measuring a tree was 15 cm, while fort he others it was 10 cm. . 
Diameter at breast height (d.b.h) was measured at 1.3 m above ground, except for trees with 
buttresses, for which diameter was measured at 10 cm above the buttresses. 
In Amazonas, forest inventory data have been collected by several long-term monitoring 
projects both for scientific investigations and for purposes of regulating yield in 
managed forests. The Adolpho Duke Forest plots (PPBio) represent an example of the 
former, while the PWA ltd plots an example of the latter. The individual plot sites used in this 
study are described below. The first were the  PPBio Manaus plots which are located in 
the Adolpho Duke Forest reserve. They comprise 72 plots each of 0.96 ha. They have been 
censuced twice since 2002, once in 2004,and once in 2008. The PWA ltd plots are the second. 
They are located in the private forest lands of the company Precious woods Limited 
Amazonas, a subsidiary of Precious Woods limited international based in Switzerland. 
Plots are rectangular in shape and are of 0.5 ha (50m by 100m) in size and
are artificially subdivided into 10 by 10 m subplots. They are comprised of 18 plots
in total. Within each plot, trees of a minimum size of 15 cm d.b.h are selected 
for measurement according to the following principle:  all trees of all species down to 50 
cm d.b.h.
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 Trees below that and down to 30 cm d.b.h are monitored only if they are classed as commercial or 
potentially commercial. The same for trees between 30 to 15 cm d.b.h but only on 50% of the subplots 
selected to be in and around parts of the plot affected by selective logging and the extraction of 
timber . Plots have been censuced two times- one in 2003 and another in 2006 after logging and 
silvicultural treatment. 
In Pará and in the Tapajós national forest in particular, several long-term monitoring projects of 
the same nature to the aforementioned plots in Amazonas state are in place. The Kilometer 67 plots are 
in unlogged primary forest, whereas the Kilometer 83 plots are in forest that has had timber harvesting 
under reduced impact logging guidelines. The Km 83 plots are located in the Tapajós national forest and 
they comprise a series of transect plots in which trees ≥10 cm d.b.h have been monitored at monthly 
intervals since 2003 and up to 2009. Measurements began exactly one year prior to any logging 
operation so that differences may be studied.  A semi random sample has been taken by which trees in 
areas of the forest definitely affected by logging gaps are selected.Total size of the studied area was 18 
ha.Figueira et al (2008) provide  further details on the sampling protocol for these plots and the dataset 
that was used in the study of this chapter of the thesis. The Km 67 transect is also located in the Tapajós 
national forest. This is essentially a linear 9 ha transect in which trees with a minimum d.b.h of 10 cm 
are measured. It has been censuced three times in 1999, 2001 and 2005. For the purposes of this study,
only the latter two measurements were only used.
The criteria for selecting trees to be measured that were considered to be 
inside logging gaps was that they where rooted inside the area of damage of the falling tree 
which is essentially the approach developed by Phillips et al. (2004) for Amazonian 
forests. This was the same for both areas. Essentially, the area of damage was 
measured and was proportional to crown surface area of the felled tree (Figure 3.1). 
Trees were selected individually to make sure that this was the case. 
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It was not deemed practical to separate trees in the undisturbed forest as growing inside and 
outside gaps, because in contrast to the logged forest where trees were individually selected 
to be in logging gaps and to be well inside the affected area, the inventory of the undisturbed 
forest available was a general one.  
    It therefore did not give information that would allow gaps in natural forest to 
be defined under whatever circumstances and certainly not at the convention currently 
used for the current area of study of no trees above 20 cm for an area of at least 100 
m2 of forest area (Phillips et al., 2004; personal knowledge). Therefore, the decision was 
made not to try and separate these two types of measurements (trees in gaps and 
outside gaps) from the inventories of the undisturbed forest. The problem of defining a 
natural tree fall gap is a common one, mostly due to the lack of a universal 
definition (Yamamoto 1992; Schliemann & Bockheim, 2011).
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Figure 3.1: The Phillips et al. (2004) procedure for selecting trees in areas affected by selective logging. Trees 
were considered to be inside a logging gap, if they were inside the area of damage created by the fall of a large tree or 
group of  trees. For an individual fallen tree of the legal harvestable diameter of 50 cm d.b.h, this was a rectangle with 
dimensions four times the crown radius by three times the crown radius plus tree height. The heavy lines represent the stem 
and the crown of the tree in their positions after tree-fall. The lighter circle represents the original position of the crown 
before tree fall. 
2.4 Ecological groups 
Most tree species occurring in the plots were represented by only a few 
individuals. This is a common problem with this kind of study. The most effective solution is 
to aggregate tree species into a few functional guilds for the purposes of statistical analysis 
(Gourlet-Fleury et al., 2005; Aubry-Kientz et al., 2013). A trait that correlates well with 
successional status and therefore, ideal for addressing the hypothesis of this thesis is bole 
wood density (Kohler et al., 2000;King et al., 2005; Poorter et al., 2008). Adult stature or 
how big a species may grow is also an index of ecological status. It is also related to risk of 
death (mortality) and average lifespan of a species in years (Aubry-Kientz et al., 2013). The 
latter is an important characteristic for the dichotomy between pioneer and climax tree 
species, but more importantly for separating those tree species that are the Light hardwoods 
(LHW) from
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climax and true pioneers. (Whitmore, 1989; da Silva 2004; Quevedo, 2006; Aubrey-Kientz 
et al., 2013). All other species would be classified as so called “true” pioneers (for details 
see chapter 1 section 3). Their respective ecological characteristics are given in table 3.1 
below. 
Code Name Wood density (g/cm3) Average adult stature (m) Example species 
1 Climax 0.49 5 Hymenea intermedia 
2 LHW < 0.48 15 Goupia glabra 
3 Pioneers < 0.48 < 15 Cecropia spp. 
Table 3.1: Ecological or functional groups used in this study with respective traits of bole wood density and adult stature as 
maximum potential height and value ranges used to aggregate species. 
2.5 Treatment of measurements 
We used formula (1) to derive diameter growth rate observations based on successive 
d.b.h measurements for the purpose of statistical analysis
 (𝑑𝑏ℎ2 − 𝑑𝑏ℎ1)/𝑡  (1) 
Where d.b.h 1 is the diameter at breast height at the first census, d.b.h 2 is the 
diameter at breast height at the second census, and t is the number of years between the two 
census periods. 
> >
>
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2.6 Statistical analysis 
Following preliminary data exploration, we limited our analyses to trees between 10 
and 45 cm d.b.h to remove the effects of outliers that where detected during initial 
exploratory analyses. We tested for any potential differences between the functional 
groups and between treatments across the two sites using an analysis of variance design in the
general linear modeling routine (GLM) of the statistical package GENSTAT v 12.1. The 
model used is described by equation (2) 
Y = m+ ai + bj + (ab)ij + ck + (ac)ik + (bc)kj + (abc)kij + eijk (2) 
Where m is the general mean, ai is the effect of site (Amazonas, Para), bj  is the effect 
of the ecological group (climax, LHW, Pioneer), ck  is the effect of the microsite (logging gap, 
undisturbed forest), abij  is the interaction effect of site and group, bckj  is the interaction effect 
of group and microsite, acik  is the interaction effect between site and microsite, abcijk  is the 
interaction effect of site, group and microsite and eijk  is an error term. 
3 Results 
3.1 Tree Growth by Functional group 
There was a weak but statistically significant relationship between 
species successional status and average diameter growth rate in cm/year (figure 3.2, table 
3.2). More light demanding pioneer tree species were indeed growing faster than more 
shade tolerant mid and late successional ones respectively.
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Figure 3.2: A diagram of mean diameter growth rate in cm per annum by ecological succession group irrespective of site or 
logging disturbance status. Error bars represent the standard error of the mean. An effect of species functional group can be 
observed. 
3.2 Tree growth by site and disturbance status 
The average diameter growth rate in cm per year by site and disturbance status was 
significantly higher for both sites in the selectively logged forest gaps approximately 3 years 
after logging. Growth rates were higher in relation to the primary forest for the logged forest 
site in Amazonas (PWA ltd) relative to Pará (Tapajós forest). For both sites there was a 
significant difference of the primary forest in relation to selectively logged forest gaps 
with an overall increased average growth rate in logged in relation to primary forest . This 
difference was greater for the Amazonas site than the Pará site(Figure 3.3, table 3.2). 
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Figure 3.3: Box-and-whisker diagram of the mean annual diameter growth in cm per annum by site (Amazonas=Am, 
Pará=PA) and disturbance status (selectively logged under reduced impact logging guidelines=RIL, undisturbed=primary) 
(Amazonas and Pará sites respectively). Note the positive overall response to logging and the greater difference of the 
Amazonas site relative to Pará. Error bars represent the standard error of the mean. Trees between 10 and 45 cm d.b.h are 
included 
3.3 Tree growth by ecological succession group by site and forest disturbance status
Three years after logging all groups showed a significant increase in diameter growth 
in response to logging as a function of the original baseline level found in the undisturbed 
forest. A more specific pattern was the apparently significantly greater response to logging of 
the pioneer tree group in the Amazonas site relative to the Pará site with a much greater
increase in diameter growth rates in relation to the baseline level of the undisturbed 
forest (Figure 3.4, table 3.2). 
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Figure 3.4: Mean annual diameter growth rate in cm/year by ecological group (Climax, LHW-light hardwoods, 
pioneers=true pioneers) for the Pará (PA) and the Amazonas (AM) sites by forest disturbance category (RIL – reduced 
impact logging, Primary-unlogged). Error bars represent the standard error of the mean. Trees between 10 and 45 cm d.b.h 
are included. 
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Table 3.2: Table of effects or coefficients of the regression of the general linear model with their respective standard errors 
and p values. Interaction terms are ecological groups (pioneer, mid succesional, late succesional-climax) by site (Amazonas 
and Pará) and area disturbance status (primary and RIL-reduced impact logging) and for tree growth by site and disturbance 
status of that site only. Trees between 10 and 45 cm d.b.h are included. 
Parameter Estimate Standard 
error 
t-value t-probability
Climax. Amazonas 
primary 
4.1310 0.0639 64.67 <0.001 
Climax. Amazonas 
RIL 
1.1344 0.0662 17.13 <0.001 
Climax. Pará 
Primary 
4.857 0.340 14.28 <0.001 
Climax. Pará RIL 3.283 0.149 22.00 <0.001 
LHW Amazonas 
primary 
3.9570 0.0814 48.59 <0.001 
LHW Amazonas 
RIL 
1.0023 0.0608 16.49 <0.001 
LHW Pará Primary 3.166 0.240 13.20 <0.001 
LHW Pará RIL 2.6274 0.0845 31.11 <0.001 
Pioneer. Amazonas 
Primary 
2.985 0.111 26.84 <0.001 
Pioneer. Amazonas 
RIL 
1.131 0.160 7.09 <0.001 
Pioneer. Pará Primary 3.410 0.464 7.35 <0.001 
Pioneer. Pará RIL 2.072 0.109 18.95 <0.001 
Amazonas primary -0.1476 0.0245 -6.03 <0.001 
Amazonas RIL 0.4016 0.0571 7.03 <0.001 
Pará primary -0.1893 0.0553 -3.43 <0.001 
Pará RIL 0.2343 0.0797 1.94 <0.001 
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4 Discussion 
As it was expected when neither site nor treatment were taken into account, more 
early successional groups showed increased growth rates compared to later successional ones. 
This is directly related to average lifespan and hence life cycle of individual species 
(e.g. Finegan et al., 1996; da Silva, 2004; Arets, 2005). More specifically irrespective of 
site, pioneers are expected to grow faster because their life cycle is much shorter and 
hence all processes of turnover (growth, mortality, recruitment), are expected to  be 
faster in comparison with more late successional groups (Swaine & Whitmore, 1988;
Burrows, 2000; Arets, 2005; Aubry-Kientz et al., 2013; Mayfield et al., 2013). 
Furthermore, pioneers are expected to grow on sites with relatively decreased competition in 
relation to other ecological groups, due to their relatively high light requirements in relation 
to later successional groups. They are also expected to be able to utilize a given site more
effectively (e.g. da Silva et al., 2004; Arets, 2005). 
Such differences between groups may however, not be true for all possible
intensities of logging and for every site. Furthermore, it is important in sustainable forest 
management that the response of the tree community as a whole is taken into account. As 
Whitmore (1989) proposed, this exact property of the pioneer tree species may render a 
community less robust to logging disturbance, because the equilibrium of the 
undisturbed forest is more easily broken potentially and regression to a secondary forest 
community occurs more easily. This apparently has been proven in practice for 
Amazonian terra firme (de Graaf in Whitmore 1989; Jonkers in Fearnside 1989). 
Therefore,  extrapolations at at the community level cannot be made from these results 
safely.
When only area was taken into account for the undisturbed forest, overall tree
diameter growth rates were similar for the two areas. In the Amazonas area, tree growth rate 
in logging gaps was significantly higher compared to the primary forest as with the Pará area. 
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This can be expected with such treatments because the logging gaps create a temporary 
decrease in stand level competition (Higuchi & Favrichon, 1995;Silva et al., 1995; Valle et
al., 2006; Guitet et al., 2009), but response to logging was considerably more significant in 
the Amazonas site in relation to the Pará site and in fact, was the fastest overall growth 
observed. 
Such an effect was not expected because the Pará area had a rather larger population 
of pioneer tree species in comparison to the Amazonas site. This would be expected to 
increase the average diameter growth of the entire community significantly, in 
comparison. The logging treatment itself may, however, be a factor for further consideration. 
More specifically, it is understandable that due to the nature of the ecosystem versus type of 
treatment, this will not be replicated identically but rather more schematically. In this 
sense, the treatment at Amazonas was more targeted towards releasing potential crop 
trees that are generally not found in the pioneer species groups (for details of the 
treatment see de Graaf 1986). Treatment at the Pará site was rather more light- releasing 
potential crop trees when it was practical, rather than applying a specific plan with a 
specific objective in mind. This is a significant difference. 
A correlation with the geographical location of the sites and the effect of the regional 
environmental conditions on gap microclimate appears to have also been present. More 
specifically, it is known that the climate of gaps is more extreme in terms of water loss if 
compared to closed forest and directly related to that above the forest canopy than that of the 
closed forest (Burrows, 2000; Van Dam, 2000; Schlieman & Bockheim, 2011; van der Sleen 
et al., 2014). When gaps are large enough or local climatic conditions are more limiting in 
one site in relation to another, the effect of solar radiation may be more limiting to growth 
than beneficial or less beneficial than another area (Van Dam, 2001). It is known that the dry 
season of the Pará site is significantly more extensive in time and more severe on average 
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than that of Amazonas (INMET, 2001). Therefore, trees in gaps in Pará will receive amounts 
and type of solar radiation that may inhibit tree growth during the dry season more often than 
Amazonas as droughts or extreme heat will on average be more frequent. This fact of 
the predominant effect of light was proven by van der Sleen et al. (2014) 
for Peltogyne cf. heterophylla for a tropical moist forest of Northern Bolivia but remains 
to be tested for other species or ecological groups in Bolivia or elsewhere. 
 However, at the undisturbed forest plot level, it has been shown that stand level 
turnover (which includes diameter growth) is generally faster at the Pará site (Malhi et al.,
2004). It may however, be that logging gaps can be rather different in the related  key 
environmental variables than undisturbed forest gaps and this has been shown for similar
forest in Guyana (Van Dam, 2001). Furthermore, it is known that these areas have 
significant differences in terms of overall stand level dynamics (Vieira, 2003). 
In both areas, it appeared that growth  in logging gaps increased in relation to the
primary forest but proportionately to that, no group appeared to benefit more than 
others to the decreased competition conditions. This is in agreement with the results of 
D‟Oliveira (2000), Silva (1989) and Carvalho (2004), that indicate statistically 
significant but relatively marginal differences in diameter growth rates between pioneers 
and non-pioneers with an effect of successional status present (late, mid, early 
successional) for a similar time period. The effect was apparently more significant as 
intensity of disturbance grew. Schulze (2003) studying the behaviour of nine timber species
in logging gaps in the Eastern Amazon, also noticed for the same time period that pioneer 
tree species had higher diameter growth rates but that the effect was highly variable and was 
consistent only when species rather than site disturbance status were taken under account. 
For the same time period after first treatment, Finegan et al. (1998) noticed that the 
effect of silvicultural treatment in a controlled logging experiment in Costa Rica was not any 
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more different for the pioneer group in relation to climax tree species and that the 
same pattern as with this study was observed. Herault et al. (2010), however, observed 
for an experimental site in French Guyana that later successional species showed a more 
significant growth response than early successional species, but the effect was significant 
for 26 of 42 species only. Therefore, there were no consistently better responses of 
pioneers to logging gap creation and for the effect that was there, this was only observed 
in about 38% of the species studied. 
The effect of silvicultural treatment is worth noting again. It is known that during 
any potential crop tree release treatment, the non pioneer groups in which most commercial 
tree species belong may be disproportionately favoured due to the release treatments 
applied, specifically targeted at increasing the diameter growth of these groups mostly, 
while the pioneers are ignored (de Graff, 1986; Lamprecht, 1989; Matthews, 2001). 
This is evidence (in addition to baseline correlation) in support of the theory that for these 
forests and for this intensity of logging disturbance at least, the life history characteristics 
and not the better performance of the more pioneer species renders this group practically 
more adapted to this form of disturbance at least for the present level. This principle may 
apply to stands of trees with a diversity of functional forms common in undisturbed terra 
firme forest. Assuming that such a principle is true, then such stands are potentially more 
resilient to this form of disturbance, at least for the more species rich mature stands as the 
ones in this region and for the given level of disturbance. This would attest in favour of
the hypothesis of Whitmore (1989) about forests, for which the climax state 
containing a large proportion of light demanding species is more resilient to 
disturbance relative to ones with less. This would also be in line with the alternative 
hypothesis of this thesis (see chapter 1 section 5.2 for more details). Such a 
relationship needs to be proven in practice with experiments with a gradient of logging 
disturbance treatments and over larger 
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scales of time. Between sites however, the difference in growth in the pioneer species group 
for the site was greater in Amazonas. Here the pioneers responded apparently, more 
favorably most likely as the result of differences in how logging and forest management in 
general was practiced on these sites. Finally, it is worth noting the findings of Soliz-
Gamboa et al.(2011) who discovered that response to gap formation is strongly
species and size dependent at least for the three species studied by them in a tropical moist 
forest in Northern Bolivia warranting the need for further studies and caution when 
attempting to extrapolate the results of this study to specific species of trees on the basis 
of their ranking in one of the ecological groups that where used. The results of this study
are similar to those of Ruslandi et al (2012) for tropical rainforest in Indonesia, assuming that
in the plots they studied tree species of the family Dipterocarpaceae are primarily light
hardwoods which is the most common occurrence(Whitmore, 1989). 
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5 Conclusions 
In this chapter we show that inherent life history features of tree species can influence 
individual tree performance in disturbed conditions irrespective of micro site 
characteristics and that this is directly related to species successional status. Such a feature
may render a forest community, be it at the stand or landscape level, more resilient to
logging disturbance of this form at least at the observed levels. It may however also mean 
that the equilibrium of the primary forest breaks more easily and hence regression to 
secondary forest conditions occurs. More case studies are needed to ascertain this pattern 
in areas under various intensities of selective logging and with the aid of suitable
stochastic forest dynamics models, where data is incomplete in one or more ways relevant to 
this objective. 
Chapter 4 
Adaptation of a Spatially Explicit Individual based 
Tree Dynamic Model for two Tropical Rainforest 
Communities of Lowland Amazonia 
Abstract 
In this chapter, we present the development and calibration of a model to simulate the ecological 
processes of tree growth, mortality and recruitment for the purpose of evaluating the effects of timber 
harvesting on forest structure and composition for two separate areas of Amazonian terra firme (non 
flooded) forest. It is implemented within the SYMFOR modeling framework. The ecological models 
are based on measurements of all trees that have a diameter at breast height >10 cm from permanent 
sample plots in the Manaus Region of Brazil and the Puerto Maldonado region of Peru. Nine species 
groups are used to describe the natural processes affecting tree behavior. Growth rates are calculated 
for each species group using the tree diameter and a competition index. Mortality and recruitment are 
simulated as stochastic processes. Recruitment probability is based on the predicted growth rate of a 
hypothetical tree. Mortality is modeled as a function of size (diameter). Options exist to vary the 
human interaction with the forest reflecting forest management decisions. 
Long runs (100 years) of both models without simulation of management showed that the abundance 
of some of the functional groups changed over time. Fine-tuning based on the principle of the 
dynamic equilibrium resulted in a relative steady state with compositional fluctuations within what 
field data and expert opinion suggested. The incorporation of a periodic drought stress pulse resulted 
in increased model performance in the undisturbed state. In response to a relatively severe selective 
logging event, both model versions in their fine-tuned state produced a reasonable pattern of recovery. 
It was concluded that the models resulted in both cases in a relatively realistic tool for any purposes a 
model like this might be used. 
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1 Introduction 
There are currently several computer simulation models that have been designed to 
simulate the behavior of tropical rainforests in a way suitable for the purposes of sustainable 
production of timber and evaluating the effects of timber harvesting on long term forest 
structure and composition. There are two general categories, phytocentric models that rely on 
inherent plant ecological properties and geocentric that have their basis in environmental 
properties such as light and soil (Vanclay, 1995a and Vanclay, 1995b;Potzelberger et al.,
2011; Ruppert et al., 2011). Phytocentric models are the most common, though several in 
this category also have a strong geocentric component (Vanclay 1995b; Ruppert et al., 
2011). Other subdivisions within these two categories are spatially and non-spatially 
explicit and empirical that rely on scientific principles and predefined formulae, and 
data constrained which rely on statistical analyses of data to derive functional equations for 
use in ecological modeling (Makela et al., 2000;Prisley&Mortimer 2004;Ruppert et al., 
2011;Makela et al., 2012). It is worth noting that there are hybrid models that may fall
in more than one of the subdivisions within each category or subdivisions within them. 
One of the most common ones are spatially explicit and data constrained models
(Vanclay 1995;Potzelberger et al., 2011;Ruppert et al., 2011;Makela et al., 2012). Such
models are able to simulate with validity many forest management scenarios that were 
not described in the data used for calibration, because the system simulates the 
conditions leading to the state of the forest , rather than forest state itself (e.g. Chave, 
1999; Alder & Silva, 2000; Phillips, 2002a; Almeida-Mendonça, 2003; Sist et al., 
2003; Phillips et al., 2004; Arets, 2005; Van Oijen et al. 2005; Lines, 2012). As long 
as the model is used within the range of conditions described by the calibration data, the 
model is valid (Janssen & Heuberger, 1995; Phillips et al., 2002b; Phillips et al., 2002c; 
Piccard et al., 2004; Ruger, 2006;Valle et al., 2007; Pretzsch 2007;Vanclay, 2014).
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The purpose of this chapter is to describe a data constrained forest dynamics 
simulation model that is built in the SYMFOR modeling framework (see section 2.1 of this 
chapter for further details) and separately calibrated for an area close to the city of Manaus, 
Brazil and another close to the city of Puerto Maldonado, Peru. Data came from permanent 
sample plots established by various organizations in the two regions (for further details see 
section 5.3 in chapter 1 and section 2.1 in this chapter). It represents an additional 
contribution to the growth and yield modeling work in SYMFOR using data from Indonesia 
( Phillips et al., 2003), eastern (Phillips et al., 2004) and southeastern (Valle et al.,
2007) Brazilian Amazon, and three areas of Guyana (Phillips et al., 2002a; Phillips et al., 
2002b; Arets, 2005). Here we describe a model built and then separately recalibrated using 
data from the southwestern and central Amazon, with different ecology to the other areas, 
and applied to a timber production scenario currently typical of Brazil. 
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2 Model description 
2.1 General 
The model that is described here is individual-based and spatially explicit, meaning 
that all trees are individually represented and occupy a unique spatial position in the 
simulated forest stand. A brief description of the SYMFOR framework follows. SYMFOR is 
a modeling framework programmed in the object-oriented programming language C++ (for 
more details see Phillips et al., 2001; Phillips et al., 2004; http://www.symfor.org). It is 
designed for modeling mixed tropical forest dynamics in response to selective logging 
and silvicultural treatment. The framework uses a modularized (sub-model) approach
which allows the user to specify the way in which the forest system is modeled and apply 
specific management prescriptions. Ecological models within SYMFOR are developed to 
represent the three main demographic processes in populations of forest trees,
namely: growth, mortality and recruitment. The rates of these processes for individual 
trees depend on their own size and on competition with other trees. Competition among 
individuals is represented as a competition index that is explicitly derived from the data. The 
SYMFOR framework was designed to run with an annual time-step but the user can choose 
to output data at any time interval necessary for 1 up to 20 years. The model used was 
originally developed and calibrated for the Paragominas region in Southwestern Amazon, 
Brazil (Valle et al., 2007). The exception was the spatial structure of the model which was 
different for Paragominas. A detailed description of the dynamics on the model using 
mathematical equations is described in Appendix I. The main processes are described below 
in Figure 4.1. 
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Figure 4.1: Flow diagram of a complete SYMFOR model like the one used in this study, illustrating the main processes 
simulated, where D, C, and I are diameter (cm), a diameter-independent competition index, and diameter increment (cm/yr), 
respectively  
2.2 Spatial structure 
Both model versions describe tree competition in terms of grid square (subplot) position. 
More specifically this is defined as the 20m x 20m subplot sum of the basal area of all trees 
with a minimum d.b.h of 10 cm in which a tree is located. Both model versions follow the 
spatial position approach and are therefore, spatially explicit. The forest is modeled at the 
individual forest stand level in the scale of hectares. Tree fall is modeled via a fixed 
probability following death of a single tree, as in all SYMFOR models this was arbitrarily 
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chosen to be 50%. The minimum size of a forest plot to be modeled is one hectare. To avoid 
edge effects, the model uses plot wrapping for all spatial processes (e.g. competition index 
and tree fall). This means that a plot is simulated as a torus and thus, that each border of a 
plot is connected to the opposite border. An example of an effect under such an assumption is 
that if a tree is to naturally fall outside the border of the plot, then it falls inside (see Phillips 
et al., 2002c for details). 
2.3 Species ecological grouping 
Since most tree species in these forests are very rare (see chapter 1 section 3 for 
details), it was not possible to calibrate the response functions in the ecological model 
separately for all species. Therefore, it was decided to classify species into functional 
(ecological) groups with similar ecological characteristics. Our classification was based on 
differences in two morphological characteristics as in chapters 1 and 2: wood density and 
adult stature, which we consider to be predictors of species responses to disturbance in terms 
of growth, recruitment and survival (e.g. Favrichon, 1994; Finegan, 1996; Gourlet-Fleury, 
2005; Poorter et al., 2008; Baraloto et al., 2012; Aubry-Kientz et al., 2013; Mayfield et al., 
2013; Flores et al., 2014). 
Wood density is a good proxy for maximum potential growth rate (King et al., 2005; 
Nascimento et al., 2005; Poorter et al., 2008; Poorter et al., 2010; Baraloto et al., 
2012). Hence, it is also a realistic predictor for maximum potential lifespan (Quevedo, 
2006) and position in the temporal spectrum of ecological succession (Kohler et al., 2000; 
Poorter et al., 2008; Poorter et al., 2010; Baraloto et al., 2012). 
Adult stature is a measure of the environmental conditions that are needed for a
tree to reproduce and the timing of reproduction, i.e. trees in the forest understory need
less light and will start reproducing earlier than canopy or emergent species (Arets, 
2005; King et al., 
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2006;Baraloto et al., 2012;Aubry-Kientz et al., 2013). It is also related to shade tolerance and 
growth (Lieberman et al., 1985; Swaine & Whitmore, 1988; Thomas, 1996; Kariuki et al., 
2006; King et al., 2006; Poorter et al., 2008; Baraloto et al., 2012; Aubry-Kientz et al., 2013). 
For the purposes of this thesis, the main objective was to separate the light hardwoods 
(LHW) from the Climax and “true” Pioneer tree species (See chapter 1 section 4 
and Whitmore 1989). A further objective was to have a grouping system that would optimize the 
modeling effort or at least be compatible with the use of the model (Bossel & 
Krieger, 1991; Atta-Boateng & Mosser, 1998; Ruger, 2006; Baraloto et al., 2012; Evans, 
2012). 
Tree species of both the Manaus and Puerto Maldonado regions were assigned to 9 
different functional types based on wood density class and maximum potential height 
class, following an approach developed for rain forest in Malaysia with the individual based 
model FORMIND (Kholer & Huth, 1998; Kohler et al., 2000) and then applied to 
forests in Venezuela and French Guyana (Kamesheidt et al., 2001). This was done in 
two stages: gleaning of trait values from the literature and then assigning tree species to pre-
determined functional groups (a priori).  
For oven dried wood, specific gravity (g/cm3) an intensive statistical analysis of a database 
derived from an exhaustive literature survey provided the basis for grouping based 
on this trait.A total of 80% of figures were derived from the wood density database of the Ecolab 
wood specific gravity database of neotropical tree species ( Chave et al., 2006 for details). This 
gave three classes of wood density for neotropical tree species (low, medium, high). The 
following rules were  then applied to aggregate tree species in wood density classes.(1) If wood 
density(g/cm3) < 0.48 then low,(2) If  0.49 > wood density(g/cm3 ) > 0.69 then medium and (3) if 
wood density(g/cm3)  > 0.70 then  high. 
. 
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Adult stature was derived from expert knowledge of people involved in the maintenance and 
measurement of the data sampling areas (see section 3.1 of this chapter of the thesis for 
details of these areas) and relevant scientific literature; this was also divided into three classes 
based on maximum potential height (Hmax) class in meters. These were as follows.(1) If Hmax < 
15  then subcanopy, (2) if 15 > Hmax > 34 then canopy, (3) If Hmax > 35 then emergent.Classes 
where not based on exact but rather in general figures from the literature as oposed to wood 
density values.
 The resulting combinations gave 9 classes and hence, functional or ecological groups 
(3x3=9). Similar functional groups are defined by Chave, (1999), Phillips et al. (2002a), 
Phillips et al., (2004), Arets, (2005), Kariuki, (2004), Vale et al., (2007) and Oatham
& Seepersad (2006). The analogy along with the respective ecological characteristics of 
the functional groups in the 9 group system is shown in Table 4.1. 
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Table 4.1: Classification of the 9 functional (ecological) groups based on adult stature (maximum potential height class) and 
wood density class. Nspecies is the number of species occurring in the sample plots for each functional group for both 
Manaus and Puerto Maldonado. Example species are species that were regarded as typical of that group but not necessarily 
the dominant or more abundant ones. 
Functional 
Group (with code) 
Tree height 
Group
Wood 
density 
group 
No 
species 
(both 
areas) 
3 group 
system 
Example 
species 
1. Slow growing
emergents 
Emergent High 745 1 Hymenaea 
courbraril
2. Slow growing
canopy 
Canopy High 531 1 Manilkara 
huberi
3.Slow growing
understorey 
Subcanopy High 235 1 Duguetia 
echinophora
4. Medium growing
emergents
Emergent Medium 442 1 Carapa 
guianensis 
5. Medium growing
canopy
Canopy Medium 569 1 Several 
6. Medium growing
understorey
Subcanopy Medium 356 1 Several 
7. Fast growing
emergents
Emergent Low 411 2 Didymopanax
morotoni
8. Fast growing
canopy  trees
Canopy Low 304 2 Goupia glabra 
9. True pioneers Subcanopy Low 123 3 Cecropia spp. 
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3 Model Calibration 
3.1 Research areas and datasets 
Data suitable for model calibration were made available from two regions. Each has 
sets of permanent sample plots designed to monitor the dynamics of the tree community. The 
first set was from the Manaus region in the state of Amazonas Brazil and the second was 
from the Madre de Dios region adjacent to the city of Puerto Maldonado in Southeastern 
Peru. 
1. The series of plots at Manaus (latitude: -2.392, longitude -59.853) are clustered in
four sites. These are: (1) The Adolpho Ducke Forest Reserve plots run by the program
for research in biodiversity (PPBio) are located in the reserve with the aforementioned
name (02o 55S, 59o 59W). These are composed of 72 plots each of 0.96 ha within
which trees and shrubs down to 1 cm d.b.h are identified, tagged and their diameter at
breast height is measured. The monitoring protocol is censored, meaning that not all
trees within the limit of the plot are measured but a selected sub-sample based on an
attribute of the sampling units (trees). In this case, trees were selected based on size
with sub-samples of decreasing unit area with diameter size class made for trees
below 30 cm d.b.h. Plot shape is curvilinear following major topographical gradients
like big rocks, in each location. For the purposes of this investigation only
measurements of trees down to 10 cm d.b.h were used. The plots have been measured
in 2004 and 2008.  Details on the environment of these plots can be found in
de Castilho et al (2006) (2) The Biological Dynamics of Forest Fragments
Project (BDFFP) undisturbed forest plots network is composed of 18 plots each of
1 ha in size and of square shape. They are further artificially subdivided into
20x20m subplots for purposes of mensuration. They have been censuced at
irregular intervals since 1981 with the last campaign made available in 2004. In them,
all trees down to 10 cm
d.b.h are monitored. Details on the environment of these plots can be found in
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Quesada et al (2007), (3) The TEAM network for nature conservation 
Manaus permanent sample plot project is composed of 6 square plots of 
1ha each (2°56'41.22"S, 59°56'37.73"W). They have been censuced three times: in 
2003, 2005 and 2007. Plots are also subdivided into 20x20m subplots. All trees 
down to 10 cm d.b.h are monitored. Details on the environment of these plots 
can be found in Quesada et al. (2007). 
 The Precious Woods Amazon (PWA) ltd plots (2o 57‟N, 58o 42‟W) are composed of 
18 plots each of 0.5 ha which are artificially subdivided into 10x10m subplots. In 
them, all trees of all species greater or equal to 50 cm d.b.h are monitored. Trees of 50 
to 30 cm d.b.h of all commercial or potentially commercial species are monitored. A 
semi random subsample of 50% of the subplots is made in which commercial and 
potentially commercial trees with a minimum d.b.h of 15 cm are monitored. Two 
measurement campaigns have been made available, one in 2003 and another in 2006. 
Details on the environment of these plots can be found in Wellhöfer (2002). 
2. The series of plots from Madre de Diós (Peru) are clustered in two sites around the
city of Puerto Maldonado (latitude: -12.844, longitude: -69.228). They are known as
Tambopata and Cuzco Amazónico. Details on the environment of these plots can be
found in Quesada et al (2007). The first, the Tambopata plots, are composed of 6 plots
each of 1 ha in which all trees down to 10 cm d.b.h are measured (12°40'59.20"S,
69°13'1.50"W). The second, The Cuzco Amazónico plots, are composed of 4
plots each of 1 ha in which all trees down to 10 cm d.b.h are monitored (12°
40'59.21"S, 69°13'1.50"W).
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All Peruvian plots are square in shape and artificially subdivided into 20x20m
subplots. Data from two measurement campaigns were available for each of these areas on 
average 13 years apart. The first of these was in 1994 for all plots except for one in Cuzco 
Amazónico for which it was in 1998. The next census made available for all plots was in 
2009. 
All plots in both the Manaus and Madre de Dios regions were inside undisturbed 
primary forest except the PWA ltd plots that were inside forest that had been lightly 
logged (2–4 trees per ha) and silviculturally treated at the beginning of the first census. 
A more detailed description of the environment and floristic and functional composition of 
these plots can be found in Chapter 1 section 5.3.
3.2 Statistical recalibration 
 All published modeling efforts in SYMFOR so far employ competition indices 
that require either precise x.y coordinates for modeling competition environment via some 
form of an asymmetric competition index or for the case of the Brazilian calibrations 
based on a 10 by 10m square spatial resolution. For both of the areas described in this
chapter, the majority of the available tree spatial position data was on a 20mx20 meter
square subplot resolution and this was entirely the case for plots suitable to initialize 
model simulations for both areas (see section 5.2 for further details). Therefore, an 
entirely new recalibration with a 20x20m grid square spatial resolution was considered 
essential. 
 A further decision was then made to have two separate recalibrations for the two areas 
(Manaus and Puerto Maldonado) for this new SYMFOR model. This was for reasons related
to the functional composition of these forests. More specifically, this was because in the 
model, the number of commercial stems per time step for each input plot is calculated 
based on the proportion of commercial stems by size class in each functional group, either
based on proportions in the previous time step or by pre-specified tables of frequencies
based on 
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statistical analyses of plot data. It is known that between the two areas, the 
commercial species list is both different in terms of number of utilizable species but 
also of the silvicultural and ecological characteristics of these species in general. 
Therefore, translation of the model output or relevant analyses to principles that could be 
used by decision makers or certain types of scientific research would be partly or largely 
invalid. 
Data on the functions that were recalibrated for Manaus and Puerto Maldonado came 
from the permanent sample plots (PSP‟s) available in each region. For the Puerto 
Maldonado model it was possible to derive information for all functions from 9 out of 10 
plots of 1 ha but for a specific plot in Cuzco Amazónico that did not have any form of 
spatial position of the trees within the one hectare plot, it was only possible to use the data 
for partial parameterization of the growth (size component) submodel and a complete 
parameterization of the mortality sub model. For Manaus, it was possible to derive 
information for parameterization of all equations from the BDFFP, TEAM project Manaus 
plots, while for the PWA ltd plots, it was possible to derive information for partial 
parameterization of the diameter growth model(size component).  . 
3.3 The dynamic equilibrium assumption 
The dynamic equilibrium concept has a long tradition in ecological modeling 
in specific and ecology in general (Malhi et al., 2004;Valle et al., 2009Evans, 
2012;deAngelis&Grimm, 2014). It is also a very common assumption in forest 
dynamics modeling (e.g. D‟Oliveira, 2000;Kammesheidt et al., 2001;Porte & Bartelink, 
2002; Prisley&Mortimer 2004;van Ulft, 2004;Arets, 2005;Rugger, 2006;Vale et 
al., 2007;Potzelberger et al., 2011;Ruppert et al., 2011;Lines, 2012;Vanclay, 2014) 
and is generally interpreted in this context as assuming that an undisturbed forest will 
have a relatively stable basal area and/or tree density on the species group level and/or 
the stand level. This assumption is frequently implemented by fine-tuning the forest 
dynamics model, regardless of whether the model is empirical or mechanistic (Makela et 
al., 2000;Prisley&Mortimer 2004;Gertner et al. in Vale et al., 2009Potzelberger et al., 2011;
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Makela et al., 2012). We implemented this assumption by iteratively adjusting the 
parameters from the baseline mortality, recruitment and growth sub-models. Parameters 
were adjusted within their 95% confidence intervals, so that species group composition over 
a 100-year simulation in undisturbed forest was relatively constant, while compositional 
dynamics were realistic in the sense that the forest managed to maintain its relative multi 
group composition over time without significant changes and without regression to a 
later or earlier stage of ecological succession. The pragmatic justification for this 
procedure is that permanent sample plot data of this kind, especially recruitment and 
mortality data, are notoriously noisy due to the large uncertainty associated with any 
given measurement (Alder, 1995;Pacala et al., 1996;Makella et al., 2000;Hope, 2003;Vale 
et al., 2006; Pretzsch, 2007;Lines, 2012; Makella et al., 2012;Wilhem Jonkers personal 
communication; Paul van Gardingen, personal communication) and for the factors that drive 
these processes especially in relation to this. Furthermore, this is also because of the 
necessity of grouping tree species (Kohler & Huth, 1998; Gourlet-Fleury et al., 
2005; Ruger, 2006;Lines 2012). Therefore, empirical parameters are likely to be poorly 
estimated and need to be adjusted. The protocol for doing this is described in Appendix II.
3.4 Environment and forest dynamics 
Currently, several forest dynamics models include environmental variability as 
exogenous factors in both space and time. These types of models include the effect of 
temporal environmental variability such as length and intensity of the dry season (Pitelka et 
al., 2001;Prisley &Mortimer et al.2004;Rupert et al., 2011). Two specific examples 
for tropical moist forest are FORMIND and TROLL (Chave, 1999 and Kamesheidt et al., 
2001, respectively) while  the approach of Landsberg & Waring, (1997) a specific 
example for temperate forest ). 
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The two specific reasons are the requirement for minimizing data needs 
for recalibration especially in the case of models which are based on eco physiological 
processes and the need to include perturbations in the environment such as naturally 
occurring fire cycles (Pitelka et al., 2001; Ruppert et al., 2011).However, few modeling 
efforts have even attempted to include the effect of any perturbations through the system for 
tropical rainforest, save for anthropogenic ones such as logging or fragmentation (Ruppert et 
al., 2011). 
The simulation model for the Luquillo forest of Puerto Rico that includes hurricane 
disturbance based on environmental and forest demographic data represents a 
specific example that simulates the compositional dynamics of tropical forests in response to 
naturally occurring forms of disturbance that are frequent and important enough to be 
included without the need to model the system as extensively (for details see Uriarte et al., 
2009). 
The effect of these factors is likely to be significant not only for examination of 
natural or semi-natural forest dynamics, but for purposes of examining long term response to 
anthropogenic forms of disturbances such as selective logging. More specifically, an 
underestimation of average tree mortality due to environmental perturbations may potentially 
lead to an overestimation of maximum sustainable yield with potentially 
detrimental consequences for the ecosystem. 
In Amazonian forest two potential forms of natural allogenic disturbance have so far 
been identified: blow downs and drought related tree mortality gap creation. Blow downs are 
a form of hurricane that is not directly observable that cause the death of trees by snapping 
and the creation of extensive gap areas. The phenomenon is known to affect relatively 
small areas mostly in more exposed hilly slopes and is not a main disturbance 
mechanism for these forests (Nelson et al., 1994; Espirito-Santo et al., 2014). A far 
more extensive form of disturbance is drought related tree mortality; this affects uniformly all 
areas 
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of the so called “Terra firme” forest (Phillips et al., 2009;Markesteijn , 2010; Saatchia et al., 
2013;Mendivelso et al., 2014). Although at the focal point this is more subtle, the effect is 
uniform and is likely to be significant for purposes of forest dynamics modeling as was 
mentioned previously. It has been shown to be significant for the turnover of the forest and 
very importantly also the compositional one as well as net stand turnover (e.g. chapter 2 of 
this thesis; Condit et al., 1995; Williamson et al., 1997; Lingenfelder, 2005; Saatchia et al., 
2013). At present, evidence has been accumulating that the effect of environmental variability 
in time be quite significant, at least for Amazonian terra firme forest. More specifically, the 
incidence of drought stress events appears to be correlated with the species richness, 
functional composition and echography of Amazonian terra firme forest (ter Steege et al., 
2003; ter Steege et al., 2006; Saatchia et al., 2013). 
3.5 Incorporation of a drought stress pulse 
In the case of the effort described in this chapter, the most realistic approach was 
deemed to be the data constrained deterministic one. This was because the analysis of the 
available rainfall data showed that the event was not stochastic in nature but was 
directly related to the El Niño southern oscillation phenomenon and was therefore very much 
regular in both frequency and intensity (Holmgren et al., 2001; Slik, 2004; Satyamurty, 
2010).
The procedure involved using permanent sample plot data from the Biological 
Dynamics of Forest Fragments Project (BDDFP) (described in chapter 2 of this thesis) 
and the long term rainfall and environmental record available from several sources (see 
Appendix III for a list of references used). 
For the purposes of this work, we defined a drought event as that event in the scale of 
calendar years where average dry season rainfall falls at least or less than 40% of the
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average dry season rainfall one based on precipitation data from the long term
environmental record. (based on the definitions of Williamson et al., 2000; Phillips et al.,
2005).
The procedure consisted of creating a deterministic drought pulse and applying it as 
a continuously occurring event (at specified intervals). This involved two stages. The first 
stage was to establish a return interval for a drought event of sufficient intensity to (i.e. how 
many years on average in between the successive events). An examination of rainfall gauge 
records dating up to 120 years before the date of this work along with results from Chapter 2 
of this thesis was used to derive a drought return time interval. The second stage was to 
examine what actually happens during such an event in the forest and after it. An examination 
of the permanent sample plot data from Chapter 2 of this thesis gave three basic principles for 
the three basic processes of mortality, growth and recruitment. The first was that irrespective 
of functional group, the effect of the drought on tree growth is temporary, lasting only for a 
very short time interval after which the tree population recovers rapidly to pre drought levels. 
The second was that tree mortality increases significantly during each event and remains 
slightly elevated for some time. Afterwards the response depends on ecological group. The 
third and final principle was that recruitment increases as a function of tree mortality, and  
increase in gaps in the canopy and the response to release from competition response depends 
on ecological group. The third and final was that recruitment increases as a function of tree 
mortality and the increase in gaps in the canopy and release from competition depends on 
ecological group.  
Therefore, the drought pulse should essentially be a tree mortality pulse by functional 
group of tree as the effect of growth is not  significant in the long term , and recruitment is a
function of tree mortality. In the analysis of Chapter 2 of this thesis, it was concluded that in 
terms of response to drought, there were only two basic groups of trees: the pioneers (group 
9 in the grouping system of this chapter) and the non-pioneers (all other groups). As was 
discussed in Chapter 2, the performance of these groups was non-significantly different in
response to drought stress but there was a difference in response type. 
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It was decided that mortality would be applied uniformly to all groups due to the
relatively small differences. In order that this is so, mortality should be increased as a 
positive difference relative to the given baseline (non-drought). Table 4.2 summarizes 
the characteristics of the drought pulse for the forests of Puerto Maldonado and Manaus 
respectively. 
Drought return interval (years) Increase in mortality (%) 
Peru 9 70 
Brazil 12 45 
Table 4.2: Drought return interval in number of years and relative increase in baseline mortality of the drought 
disturbance pulse for the forest of Peru (Puerto Maldonado) and Manaus (Brazil).Appendix III provides details of the 
information used for deriving these figures.
3.6 Initial conditions 
In systems theory and in eco-systematics in specific, the effect of the initial 
conditions of the system, is of profound significance for the model output (e.g. Botkin et 
al., 1972; Bossel & Krieger, 1991;Janssen&Heuberger, 1995; Pacala et
al., 1996; Vale et al., 2009; deAngelis&Grimm., 2014;Evans, 
2012;deAngelis&Grimm., 2014;Vanclay, 2014).
  In the case of simulations like the ones presented in this chapter, we are aware that the
initial conditions are translated as the information input that describe the main PSP 
at the beginning of the simulations. It was deemed both correct and practical to 
select plots based on two criteria: representativeness of the permanent sample 
plots in terms of whether they would be inside the productive forest area (forest 
which would attract the attention of loggers) and constraints of the simulation 
model. With respect to the first criterion, plots to initialize simulations were 
selected based on the following criteria: they should be in forest with an 
adequate number of commercial tree 
attract the attention of loggers) and constraints of the simulation model.
With respect to the first criterion, plots to initialize simulations were selected based on 
the following criteria: they should be in forest with an adequate number of commercial tree 
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species in adequate sizes to have justified any logging activity to have occurred. This
selection made it possible to validate the model realistically by focusing on the type of forest
that would normally be affected. 
Following this selection process, it was deemed realistic to have four plots of 1
hectare from each area to keep both the number of simulations and amount of simulated data 
within realistic size limits. The relevant characteristics of the forest, both with respect to 
ecological and economic considerations, are summarized in Table 4.3. 
Stand Characteristics (mean ± error) Manaus Puerto Maldonado 
Total volume (m2 ha-1) 311 ± 14 243 ± 19 
Commercial volume (m2 ha-1) 97 ± 12 136 ± 20 
Percent volume of Light hardwood species 3 ± 1 8 ± 2 
Percent volume of pioneer species 2 ± 0.6 7 ± 1 
Table 4.3: Description of 1 hectare PSPs of undisturbed forest used to initialize model simulations for the forests of 
Manaus and Puerto Maldonado. It is based on trees > 10 cm d.b.h. Mean values (+ standard error) are given. 
3.7 Simulation experiments 
Due to the stochastic nature of the model, it was necessary to conduct multiple runs. 
Because the model contains stochastic components, we used four 1 ha plots. For each plot, 
simulation was repeated 5 times, resulting in 20 repetitions. Data were output for all live trees 
only every fifth year, to keep the size of output files manageable. We chose to output live tree 
basal area as the variable by functional group, which also provided us with the number of 
stems in each 1 ha plot. When harvesting was applied, we chose to apply it not at t=0 years 
but rather at t=10 years after initializing the simulations. The following simulation 
experiments were performed: (a) for each area separately and for each one of the four hectare 
plots a 100 year simulation for undisturbed forest with and without a drought pulse was 
run and an output of tree numbers per hectare along with basal area for all individual trees for 
all plots was generated; (b) the same set of experiments with and without a drought pulse 
but this time, for a relatively heavy harvest of around 12 commercial trees per hectare 
with a d.b.h greater or equal than 45 cm. For purposes of selecting trees for  harvesting with 
respect to this there where two utility groups :commercial and non commercial,which 
were derived based on  the species each individual tree belonged and species 
level information (commercial species lists) specific to Manaus and Puerto Maldonado. The 
latter was derived using a combination of exhaustive literature search and local expert 
opinion. Appendix I section 4 provides details on the calculation of post harvest mortality.
3.8 Statistical analyses 
The objective of the analyses done was to determine if there was any difference with 
time between the different model versions for the individual variable examined but also 
by ecological group of trees. The significance of what effect would be important and to 
what extent would determine what the more realistic model version would be, based on 
expert opinion and interpretation of the patterns verified by the analyses. The variable 
chosen for analysis was number of stems per hectare (considering stems > 10 cm d.b.h). As 
data were of a given quantity and included repeated measurements (in our case simulated 
values) that are not independent of each other ,general linear models (GLM)  that 
assume independent errors would not be adequate for a valid analysis. General linear 
mixed models (GLMM) however, provide ideal solutions when measuring the same unit 
repeatedly through time (West et al., 1984; West et al., 1995). 
The general linear mixed model analyses were done using the default 
REML algorithm (subroutine) for examining repeated measurements data using the 
statistical software GENSTAT v 12.1. 
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(a) Manaus
Simulations without calibration showed that the small statured medium wood density
tree species (group 6) showed a significant increase in mean number of (live) stems per 
hectare. This was also the case for the canopy trees of low wood density (group 8) and high 
wood density canopy trees (group 2) and for the true pioneers (group 9) though for the 
latter the change was much smaller. The high wood density emergent species group
(group 1) exhibited a signficant decline. All other groups showed either non-significant or
very small changes. Results for mean basal area per hectare by species group were fairly 
proportional to the ones for mean number of stems per hectare. 
The resulting steady state situation was the one of a stand that would be 
relatively more dense than that of the starting conditions dominated by groups of tree species
that would not grow to become emergents but mostly to that of canopy status. Also, the stand
would be dominated to a significant extent by more light wood density tree species and 
this would include a significant increase in pioneer tree species (groups 8 and 9), though 
most of the increase would be of medium wood density species at the expense of high
wood density species and hence, not pioneers by any definition. These results are
summarized in figure 4.2. 
This steady state was considered to be in direct violation of the dynamic equilibrium 
assumption (see section 3.3 for details). This was because group 6 along with other light 
wood tree species showed a significant increase in stem numbers per hectare, while later 
successional groups such as the high wood density emergents (group 1) showed a significant 
decrease in the numbers of stems per hectare during the simulated time period. The resulting 
The variable was the number of stems per hectare by functional group with time as an average for 
each one hectare plot by model version (with and without drought pulse incorporation). Separate 
analyses where conducted for the forests of Puerto Maldonado and Manaus, respectively.
4 Modeling forest dynamics 
4.2 Forest development in the absence of logging 
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pattern was that of an overall regression to more secondary forest conditions. Furthermore 
there was a significant increase in biomass resulting from the groups that were gaining in 
terms of numbers of stems per hectare with time. 
Following these observations, it was decided to select groups for fine tuning selected 
parameters in the mortality and recruitment sub models. The reason for this is that these 
were regarded to be the parameters with highest uncertainty due to the 
considerable measurement error associated with any such measurement and in 
compliance with other SYMFOR modeling efforts (Phillips et al., 2002b, 2002c; Phillips 
et al., 2004; Vale et al., 2007). 
The parameters selected for changing incrementally until a realistic pattern was found 
were the r1, r2 parameters of the recruitment model and the m1, m2 parameters of the mortality 
model. Selected changes were made for selected functional groups starting with the ones that 
showed the most significant declines or increases that were well outside the range of field 
data and lead to an overall regression pattern to a more secondary forest community. This 
follows the approach of Phillips et al. (2004) and Valle et al. (2009) for fine tuning the other 
models calibrated based on data from the Brazilian Amazon. 
The final set of coefficients used for the growth model is shown in table 4.4, that were
the result of direct statistical calibration with no intermediate tuning of any kind involved. 
The resulting set of fine-tuned coefficients of the linear equations of the mortality and 
recruitment sub models following successive experimentation is shown in table 4.5. The bin 
widths used in the mortality model for each functional group are also shown in table 4.5. 
Appendix II provides the values for all coefficients for the growth, recruitment and mortality 
models prior to fine tunning.
The resulting modifications resulted in a considerable decrease in overall dynamism 
and an overall lowering of the steady state stand level biomass to levels much closer to that of 
the primary forest as observed in the data. Overall, the new coefficient set resulted in a fairly 
non varying situation for most functional groups. Generally speaking, the same fluctuations 
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occurred but at a much smaller magnitude and within what could be regarded as normal 
stochastic variation found in natural undisturbed forests. Furthermore, it is logical that certain 
compositional changes may occur in a forest stand over the course of a century and therefore, 
the fact that some groups still gain to an extent at the expense of others is not unacceptable as 
the changes are within what could be expected. The results of the 100-year simulations prior 
to fine tuning of selected parameters for this version are summarized in figure 4.2A while for 
the model with fine tuning in figure 4.2B. 
Figure 4.2: Modeled one hectare plot mean stem density expressed as mean number of live stems per hectare (left) and 
(right) mean basal area (m2) based on runs of 100 years for 4 plots that are each repeated 5 times for the forest of the 
Manaus region for each functional group (gr1-gr9, see legend). No form of disturbance is imposed upon the forest. 
Versions where no fine tuning of any model parameters was performed (A-upper) and with fine tuning of selected model
parameters (B-lower) are presented.
(b) Puerto Maldonado
For the uncalibrated model version there was considerable change in the number of 
stems per plot (hectare) and basal area per plot by species group but here changes appeared to 
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be different in relation to Manaus. More specifically, there were three main groups in terms 
of significant increases in the forest, for high and low wood density canopy and emergent 
species (groups 2, 7 and 8 respectively). There were also groups that showed 
significant decreases and more specifically, these are the medium wood density emergent 
and canopy species and the true pioneers (groups 4, 5 and 9 respectively). These results are 
summarized in figure 4.3. 
We proceeded into changing the values of coefficients for these groups first, as with the 
Manaus (MN) version for the mortality and recruitment sub models. Despite various 
attempts to have a combination of fine tuning parameters of the recruitment and mortality 
sub models, the forest exhibited changes that were considered to be in direct violation of 
the dynamic equilibrium assumption. We therefore proceeded into changing the 
appropriate coefficients for the diameter growth model, within their respective 95% 
confidence intervals. The growth model parameters following fine tuning are shown in 
table 4.4. As can be observed, the forest in its undisturbed steady state, in general 
shows a much greater variability in terms of compositional dynamics in relation to the 
MN version. We essentially see a much greater dynamism. Generally speaking, the forest 
exhibits greater changes than Manaus but following fine tuning on selected coefficients 
manages to retain its compositional stability. 
The resulting set of fine-tuned coefficients of the linear equations of the mortality and 
recruitment sub models following successive experimentation is shown in table 4.5. The bin 
width used in the mortality model for each functional group is also shown in table 
4.5.Appendix II provides the values for all coefficients for the growth, recruitment and 
mortality models prior to fine tunning. The resulting modifications along with the ones in the 
recruitment and mortality sub models gave a much more realistic model output. The evolution 
of both number of stems and basal area per hectare by species group without fine tuning of 
selected model coefficients is  show in figure 4.3A. The end result of these modifications on
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model output can be seen in figure 4.3B. 
Figure 4.3: Modeled one hectare plot mean stem density expressed as mean number of live stems per hectare (left) and 
(right) mean basal area (m2)based on runs of 100 years for 4 plots that are each repeated 5 times for the forest of the Puerto 
Maldonado region for each functional group (gr1-gr9, see legend). No form of disturbance is imposed upon the forest 
Version where no fine tuning of any model parameters was performed (A-upper) and with fine tuning of selected model 
parameters (B-lower). 
  99
4.3 Forest response to heavy selective logging 
(a) Manaus
In relation to the undisturbed uncalibrated state, we had significant changes in
functional composition 90 years after the single logging event. More specifically, the forest 
showed regression to more secondary forest conditions with more light loving or earlier 
successional groups of low stature and wood density like the medium wood density sub 
canopy trees, the low wood density emergent and canopy species and the true pioneers 
(groups 6, 7, 8 and 9 respectively) becoming more abundant at the expense of later 
successional ones like the high wood density emergent, canopy and sub canopy species and 
the medium wood density emergent and canopy species (groups 1, 2, 3, 4 and 5). The forest 
shows a clear pattern of recovery from logging with characteristically later successional 
groups like the high and medium wood density canopy trees (group 2 and 5 respectively) 
becoming more dominant with time concurrent with a general succession to a later 
successional forest community. This pattern was consistent with all available literature both 
from the region but also elsewhere in other tropical forests. 
It was concluded that the forest exhibited a realistic response to selective logging and 
no   further fine tuning of any model parameters was done. These results are summarized in 
figure 4.4A. 
(b) Puerto Maldonado
The forest of Puerto Maldonado exhibited significant compositional changes in 
response to selective logging as with Manaus. More specifically regression to more 
secondary forest conditions was also observed during the first few years, after logging 
followed by recovery. Here the high and medium wood density emergent and the medium 
wood density canopy and sub canopy species groups seem to show the greatest decline 
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following logging (groups 1, 4, 5 and 6 respectively), while other groups like the high wood
density canopy trees, the low wood density emergent and canopy trees and the true pioneers 
(2 and 7, 8 and 9 respectively) showed significant increases. Others show very little change to 
the point of almost insignificant variation like the high wood density sub canopy trees (group 
3). Despite the fact that the behaviour of individual functional groups was very different, the
forest showed essentially the same pattern. It was concluded here also, that the forest showed 
patterns and response in agreement with relevant theories of forest dynamics. These 
results are summarized in figure 4.4B. 
Figure 4.4: Modeled one hectare plot mean stem density expressed as mean number of live stems per hectare (left) and 
(right) mean basal area (m2) based on runs of 100 years for 4 plots that are each repeated 5 times for each functional group 
(gr1-gr9, see legend). A single, relatively heavy logging event at year 10 was simulated. Manaus version (A-upper) and 
Puerto Maldonado version (B-lower). 
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Table 4.4: Parameters for the growth model (Appendix I, section 2, equation (5) Based on the Manaus and Puerto 
Maldonado permanent sample plots. 
Table 4.5: Parameters for the mortality and recruitment models (Appendix I sections 3, equations (6) and (7) and sections 5 
equations (8) and (9) respectively). The bin width used for diameter classes in the mortality sub model is also shown. All 
parameters where based on either the Manaus or Puerto Maldonado permanent sample plots. 
Manaus 
Group a1 a2 a 3 a 4 a 5 
1 0.0004 0.0001 3.178 -0.0177 0.202 
2 0.0001 0.0004 2.388 -0.055 0.217 
3 0.0054 -0.0005 2.101 0.0417 0.1114 
4 0.0023 0.00001 4.28 -0.0522 0.212 
5 0.007 -0.002 3.188 -0.0533 0.165 
6 0.0055 -0.0004 2.0633 -0.0037 0.161 
7 0.0038 -0.0002 5.776 -0.106 0.258 
8 0.0073 -0.0009 2.54 -0.137 0.270 
9 0.0282 -0.0005 0.0211 -0.058 0.0018 
Puerto 
Maldonado 
1 -0.0034 0.1 0.1 -0.093 0.059 
2 -0.0054 0.1 0.1 -0.213 0.0185 
3 -0.15 0.1 0.1 -0.156 0.088 
4 -0.0043 0.1 0.1 -0.117 0.25 
5 -0.0095 0.1 0.1 -0.078 0.16 
6 -0.027 0.1 0.1 -0.2 0.19 
7 -0.0034 0.1 0.1 -0.11 -0.0038
8 -0.0039 0.1 0.1 -0.158 0.153
9 -0.0063 0.1 0.1 -0.0148 0.153
Manaus 
Group r1 r 2 Ti m1 m 2 m 3 Bin(cm) 
1 -1.41 0.0074 49.4 1.76 0.0037 0.0396 2.6 
2 0.0749 0.0021 52 2.2 -0.0039 0.944 4.4 
3 -2.351 0.004 65 1.44 -0.0137 1.0 3.5 
4 -2.862 0.024 40 1.36 -0.0069 0.011 1.5 
5 -0.021 0.0329 45 5.166 0.0053 0.933 7.5 
6 0.823 -0.0088 50 8.13 -0.0209 4.32 5.3 
7 -0.104 0.0246 35 7.128 -0.0091 1.7 3.5 
8 0.2658 -0.0246 32.1 8.3216 -0.0156 1.807 3.3 
9 0.479 -0.0002 22 8.379 0.2694 2.27 2.4 
Puerto 
Maldonado 
1 0.014 0.0012 50 0.8372 -0.0132 1.421 1.9 
2 0.0574 0.0011 30 1.4396 -0.0076 1.3225 3.3 
3 0.2394 -0.0176 43 1.09 0.0243 0.0406 4.1 
4 -0.0434 -0.3869 55 0.875 -0.0093 0.5175 2.2 
5 -0.1723 -0.1496 33 1.6133 -0.0175 0.74 1.9 
6 -0.5416 0.03 43 1.19 0.0284 0.132 5.2 
7 0.0 0.011 16 2.4 -0.0151 2.5574 2.7 
8 0.0 0.00159 11 1.525 -0.0181 2.7868 2.1 
9 -0.1782 0.0904 12 1.898 -0.0491 5.57 3.9 
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4.4 Drought pulse effects on simulations 
The incorporation of a drought pulse had a significant effect on both undisturbed 
forest dynamics and one subjected to heavy logging. The effect on the undisturbed forest 
simulations was that of a decrease in the number of stems (live stems) per hectare. This was 
also true for selectively logged forest with time period as factor. Again, the effect was the 
same for both Manaus and Puerto Maldonado. Relevant decreases in biomass were however, 
well within the range of what was observed by field data, and were in fact closer to both the 
average values of the field data and the initial values that were input to begin the simulations. 
For the undisturbed forest, they were still however higher than the average and the init ial 
conditions as derived from field data (see figure 4.5). For the logged forest, it appeared that 
for both model versions and for both areas, there was a time delay in the recovery of the 
system when the drought pulse was incorporated (figure 4.6). There was no significant 
difference on the general compositional dynamics (i.e. no shifts in functional composition) 
for both Manaus and Puerto Maldonado. More specifically, no group showed a consistent 
difference with time at the steady state of the undisturbed forest in terms of number of stems 
per hectare (figures 4.7A and 4.8A). There was also no significant difference for forest 
subjected to selective logging for both areas (figures 4.7B and 4.8B). It was concluded that 
the pulse based on actual information from the forest and environment had a significant effect 
on the dynamics of the forest for purposes of ecosystem management and it was incorporated 
in the model. The F and P values for the variance component analyses for the two areas for 
both model versions and therefore the overall statistical significance of the effect on stand 
and ecological group dynamics are shown in table 4.6. 
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Figure 4.5: Stand density (expressed as mean number of live stems per hectare over a 100 year simulation period) of the 
forest of Puerto Maldonado and the Manaus regions from field data and for the steady state of the undisturbed forest for both 
model versions for the uncalibrated, calibrated and the drought pulse versions. 
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Figure 4.6: Modeled evolution of stand density over a 100 year simulation period (expressed as mean number of live stems 
per hectare) in response to a relatively heavy single selective logging event (around 15 large trees per hectare). For the 
forests of the Manaus and Puerto Maldonado region in relation to field data from harvested undisturbed forest stands from 
both regions (Field data Man=Manaus, PM=Puerto Maldonado). (Manwdr=Manaus drought pulse, 
Mannodr=Manaus without drought pulse, PMwdr=Puerto Maldonado drought pulse, PMnodr=Puerto Maldonado without 
drought pulse).Logging occurred at year t=10 of the simulations.
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Figure 4.7: Manaus forest dynamics of 9 ecological groups of trees defined (horizontal axis) expressed as number of trees 
(live stems) per hectare (vertical axis) following fine tuning based on the dynamic equilibrium assumption (see section 3.3 of 
this chapter) across a 100 year simulation period divided in three time points (10, 50 and 100 years after the beginning of the 
simulations). Model version without drought pulse (NODR10=year10, NODR50=year50, NODR100=year100) and with 
drought pulse incorporated (DR10=year10, DR50=year50, DR100=year100). Forest not subjected to logging (A) and 
subjected to a relatively severe logging event (15 large stems per hectare) at year 10 of simulations (B). Error bars represent 
standard error of the mean. 
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. 
Figure 4.8: Puerto Maldonado forest dynamics of 9 ecological groups of trees defined (horizontal axis) expressed as number 
of trees (live stems) per hectare (vertical axis) following fine tuning based on the dynamic equilibrium assumption (see 
section 3.3 of this chapter) across a 100 year simulation period divided in three time points (10, 50 and 100 years after the  
beginning of the simulations). Model version without drought pulse (NODR10=year10, NODR50=year50, 
NODR100=year100) and with drought pulse incorporated (DR10=year10, DR50=year50, DR100=year100). Forest not 
subjected to logging (A) and subjected to a relatively severe logging event (15 large stems per hectare) at year 10 of 
simulations (B). Error bars represent standard error of the mean. 
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F-statistic p-value
Man Prim Ecol group 
Total 
11.52
78.38
<0.001 
<0.001 
Man Logged Ecol group 
Total 
7.980 
58.91 
<0.001 
<0.001 
PM Prim Ecol group 
Total 
2.7000 
0.370 
<0.001 
<0.001 
Pm Logged Ecol group 
Total 
9.340 
15.78 
<0.001 
<0.001 
Table 4.6: Table of F statistic and p values for the variance component analysis to test the significance of the effect of time 
and forest disturbance status(logged and primary-Prim) on ecological group dynamics (response variable) during a 100-
year simulation, separately analyzed for Manaus and Puerto Maldonado . Selective logging was done as a single event in
year 10 of the simulations removing approximately 12 stems per hectare of at least 45 cm d.b.h. 
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5 Model evaluation 
5.1 Undisturbed forest 
Test simulations of undisturbed forest using the unmodified coefficient value set 
demonstrated that the forest was at a relative disequilibrium during a 100-year period for both 
Manaus and Puerto Maldonado. 
In Manaus the forest showed a regression to more secondary forest conditions with 
more light loving, shade intolerant tree species becoming more dominant (Groups 6, 7, 8 and 
9) in relation to other more shade tolerant later successional species (for example groups 1
and 2). This can be regarded as a direct violation of the dynamic equilibrium assumption 
because the undisturbed forest exhibits compositional changes. This is in agreement with the 
findings of Laurance et al. (2004), that showed a gradual compositional shift during the past
20 years that was expected to become more significant with time for an area of 
undisturbed forest near Manaus. They specifically predicted that the forest would be 
dominated to a greater extent by genera of light wooded species. This was indeed the case for 
our study but most of that increase was in group 6 (medium wood density understory trees)
and not in the groups that are regarded as light loving pioneers. 
Furthermore there is direct evidence from relevant studies using permanent sample 
plots both in these regions but also elsewhere (e.g. see Baker et al., 2004 that tropical moist 
forests are becoming more dynamic due to a directly observable increase in the turnover of 
biomass (e.g. Baker et al., 2004; Malhi & Phillips, 2004; Laurance et al., 2004; Lewis et al., 
2004a, 2004b; Phillips et al., 2004b,). Phillips et al., (2004b) found that both mortality and 
recruitment rates have increased across the Amazon during the past 25 years and that 
recruitment rates have consistently exceeded those of mortality. Laurance et al. (2004) 
showed that during the past two decades Amazonian forests have experienced large changes 
in dynamics and composition. Mainly genera of faster growing species, but not pioneers, 
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were found to increase in abundance, which is in agreement with the increase in abundance of 
pioneers or a general regression to more secondary forest conditions as predicted by our 
model for both Manaus and Puerto Maldonado. As a likely main cause for the changes these 
studies point to increased plant fertilization caused by rising atmospheric pollutant 
concentrations such as CO2 (Baker et al., 2004; Laurance et al., 2004; Anderson-Texeira   et 
al., 2013) something which has been suggested to be happening also for African (Lewis et al., 
2009) and South-east Asian rainforests (Malhi & Phillips, 2004; Anderson-Texeira   et al., 
2013). We furthermore did have a significant increase in live biomass even after fine tuning 
selected parameters as was found for the aforementioned relevant research using plots. 
We know however from relevant studies and Chapter 2 that changes of this magnitude 
have not yet occurred and there is no solid evidence that they will occur so far merely strong 
indication (Yadvinder Malhi, personal communication). However recent changes in biomass
and therefore composition cannot be disregarded as an artifact of the data used (Gloor et al., 
2009) though it is true that whether or not they will be canceled out in the future by others 
cannot truly be known (personal observation) and there is important evidence to suggest that 
this may very well occur as has been noted for two large forest plots in Malaysia and Panama 
(see Feeley et al., 2007 for details). However we have no reason to believe that changes of the 
magnitude we observed for both forests may not occur even in the case of natural random 
fluctuations much more in lieu of the relevant evidence. Others have advocated that these 
changes are entirely an artifact of the fairly large degree of noise of such data used in 
parameterization (Phillips et al., 2002b, 2002c; Phillips et al., 2003; Phillips et al., 2004; Vale 
et al., 2009; Wagner et al., 2010; Laufer et al., 2013), especially mortality and recruitment 
and the high degree of uncertainty associated with such measurements in the field (see 
section 3.5 of this chapter for further details). 
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Phillips et al. (2004) for a similar model in the SYMFOR framework 
hypothesized that this causes pioneers or associated groups to consistently outperform 
later successional shade tolerant species due to their inherently faster recruitment rates as
derived by field data. This was in particular because they outperformed more shade tolerant 
species in gaps in natural forest. They hypothesized that this was because they did not have 
an adequate area of undisturbed forest that was monitored and hence natural gaps as 
opposed to logging gap area. This would have created bias in terms of poorer performance of
pioneers in the simulated forest in relation to reality. The decision was made to change
selected model parameters empirically as was for the models described in this chapter of this 
thesis. 
Here we chose the 95% confidence interval to agree with previous modeling efforts
(Phillips et al., 2002b, 2002c; Phillips et al., 2003; Phillips et al., 2004; Vale et al., 2007; 
Vale et al., 2009).In our case for both areas, we chose to make a compromise between the 
more recent studies and what is normally accepted in forest ecology in addition to issues 
directly relevant to properties of the datasets and unavoidable deficiencies in the model (as 
with every model). This meant that some change would be accepted under certain conditions 
along with what could be regarded as normal stochastic variation. 
Following intuition and the information available in the published literature the final 
result was of a forest that did exhibit compositional turnover (flux) but did not show 
any compositional shifts but rather natural stochastic variation or changes for which in the 
stand or the forest as a whole there was one to counterbalance the other. 
We can see that following fine tuning the forest of Puerto Maldonado 
exhibits considerably more compositional and biomass turnover than Manaus. This is 
concurrent with observations at the stand level indicating that these forests have a 
significantly greater turnover of stems and biomass than forests of the Manaus region. This 
has been attributed to 
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prevalent macro environmental conditions on each site such as length and intensity of the dry 
season, soil fertility and incident solar radiation that is useful to photosynthesis (Baker et al., 
2004; Malhi et al., 2004; ter Steege et al., 2006; Lee et al., 2013;Saatchia et al., 2013). The 
principal reason for this in practice may however be the ecography of the forest. More 
specifically we know that the forest of Puerto Maldonado is relatively more open as is 
evident from the relatively lower stem density and biomass from currently available 
permanent sample plot data (ter Steege et al., 2006 for details) and therefore at any given time 
there is a greater availability of microsites for regeneration (Korning & Barslev, 1984; 
personal observation). Also due to this ecography coupled with greater solar radiation and 
greater drought risk and intensity on average trees in these areas would recruit at a greater 
rate but also would run a greater risk of mortality due to both on average greater exposure 
and frequency of significant stress events. 
In terms of structural turnover, the forest remained within the limits of available 
dataset figures and behavior was in agreement with observations and predictions 
of increasing live biomass. The same principles applied for stand level figures; in the end, it 
was concluded that the forest exhibited a realistic compositional and structural turnover 
well within the limits of field data and satisfying all relevant contemporary theories on 
forest dynamics. The next stage was to examine forest behavior in response to logging 
disturbance after adaptations related to undisturbed forest (section 5.2). 
5.2 Response of the forest to selective logging 
As is common with efforts like this one, no real direct suitable response data 
were available it was decided to simply examine forest behavior based on a single relatively 
heavy selective logging event as was done in other similar studies (e.g. Osho, 
1995;Masripatin, 1998 Phillips et al., 2002b, 2002c; van Ulft, 
2004;Prisley&Mortimer, 2004;Arets, 2005; Ruger, 2006;Valle et al., 2009;Ruppert et al., 
2011). 
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For both areas, there was a significant reduction in certain late successional shade 
tolerant groups (medium and high wood density) as a consequence of the fact that these tend 
to contain the majority of commercial tree species in both regions, followed by groups 7 and
8. In conjunction with this we saw significant increases in the light loving pioneer groups 7, 8
and 9 especially in Puerto Maldonado in relation to Manaus for which it seemed that 
group 6 was the dominant element in this shift followed by groups 7, 8 and 9 rather than the 
later. In Puerto Maldonado group 6 actually showed a decrease in abundance following 
logging. Approximately 50 year after logging ecological succession to a more mature 
(climax) forest typical of the undisturbed forest community occurs. 
The forest appears to eventually recover to undisturbed conditions in both cases 
though the new steady state is not identical to the one prior to logging. However we can 
regard this as realistic because logging would cause changes which would alter this steady 
state. However the prevailing assumption in forest dynamics is that a forest or stand can have 
multiple climax or steady states (Burrows, 2000;Terradas, 2005;Ruger, 2006; Swenson et
al., 2012). As long as it is within such limits the forest can be considered to have recovered. 
In our case it would seem that this is not the case but that the forest is at least well on its way 
towards a composition that can be regarded as climax and very close to initial conditions.
In terms of biomass dynamics in both areas, the forest quickly recovered to 
pre-logging levels. It appeared that Puerto Maldonado did so more rapidly than Manaus. This 
was probably the case because of the larger number of pioneers that grow and recruit 
much faster than other groups in disturbed conditions. This may mean that resilience of 
the forest in Puerto Maldonado is greater than Manaus. However we saw that at the 
functional composition level the opposite appears true. 
In conclusion, both for compositional and biomass dynamics, the forest behaved in a 
realistic and reasonable fashion according to relevant theories and all aforementioned results 
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were in relative agreement as far as the general pattern is concerned with observations in 
Amazonian terra firme forests but also elsewhere in the neotropics,  in the sense that a 
predictable pattern of response in terms of functional composition was observed over the 
simulation window studied.This pattern included a successional sequence from light wooded 
earlier successional heliophytic tree species to increasing proportions of denser wooded later 
successional species and a situation more close to the undisturbed climax forest in terms 
of functional composition and structural dynamics(de Graaf, 1986; Silva, 1989; Higuchi 
& Favrichon, 1995; de Graaf et al., 1996, 1999; Higuchi et al., 1997; Favrichon et al., 
1997; Finegan et al., 1999; Finegan & Camacho, 1999; Alder & Silva, 2000; D‟Oliveira, 
2000; Almeida-Mendonça, 2003; Carvel et al., 2004; Piccard et al., 2004; da Silva, 2004; 
Arets, 2005; de Azevedo, 2006; Torres-Lezzama & Ramirez-Angulo, 2008; Gutierrez-
Granados  et al., 2011;Hawthorne et al., 2011;Baraloto et al., 2012).Results are comparable 
with data on the African (e.g. Okalli & Olla-Adams, 1987; Osho, 1995; Nzogang, 2009;Ruten 
et al., 2015) and in the SE Asian rainforests (Horne & Gwalter, 1982a, 1982b; Vanclay, 
1994; Bertault & Sist, 1997; Kariuki, 2004;Yamada et al., 2013). 
Furthermore, results are similar with other modeling efforts from the Amazon region 
(van der Hoot, 1999; Phillips et al., 2002b, 2002c; Gourlet-Fleury et al., 2004; Phillips et al., 
2004; Arets, 2005; de Azevedo, 2006; Valle et al., 2007). 
5.3 Effect of drought on biomass and compositional dynamics 
The incorporation of the drought pulse had a significant influence on the 
simulation output from both model versions, though for the MN version the effect appeared 
to be more significant than for the PM version. From available analyses no effect on the 
compositional dynamics of the forest could be determined; the effect of the pulse could 
not promote or suppress the population density of any of the groups during the 
simulated period in the 
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unlogged primary forest. Therefore, it was not possible to prove that current species 
richness of these tropical rainforest sites is directly related to drought despite direct 
correlation observed from field data (ter Steege et al., 2003). The effect of competition 
appears to be highly significant and is in contradiction with the findings and opinions of
Bamphlyde et al. (2005) that factors other than competition, and potentially exogenous ones
are more important in maintaining current species richness observed in tropical rainforests.
However, there was a significant effect on the total number of stems per hectare for the 
forest stand as a whole. More specifically, the steady state number of stems per hectare was 
consistently smaller with a drought pulse than without one. Furthermore, this was 
considerably closer to the values derived from permanent sample plot data from each region 
but also the initial conditions prior  to the commencement of the simulations. This is not
surprising, as the drought essentially increases the overall tree mortality levels and is also 
the main natural disturbance mechanism of these forests (Gloor et al., 2009; Holmgern et al. 
2001; Saatchia et al., 2013 section 3.5 of this chapter). 
Therefore, increased conformation to relevant field data is not surprising. This was 
the case for both areas but appeared to be most similar for Puerto Maldonado. Such a result
is not surprising because it is known that drought is a much stronger ecological component 
of these forests (ter Steege et al., 2003; Phillips et al., 2005; Satyyamurty et al., 2010;Li et 
al., 2011; Saatchia et al., 2013). We can see that for both areas despite the fact that tree 
density in the steady state forest is reduced to levels closer to field data, it still remains more 
elevated relatively. This is potentially because other forms of natural disturbance such as 
animal browsing and blow downs are not represented at all (personal observation). 
For selectively logged forest, it appeared for both areas that the increased baseline 
(natural) mortality of trees causes recovery of biomass to occur later than without it. 
Although this result is not surprising it has important implications for use of these 
models in decision 
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making for sustainable forest management and more specifically yield regulation. This is 
because this process needs to be very accurate and underestimation of baseline mortality will 
naturally overestimate yield (Alder, 1995; Valle et al., 2006; Free et al., 2014). 
Furthermore as the number of commercial tree species is fairly low, the risk of
potential bias of total economic yield increases significantly because the number of stems 
that do not die is high while at the same time the average number of commercials is low. It 
could be very well that even if some of these trees are commercial that there is actual bias 
therefore. 
6 Conclusions 
Model adaptation necessarily involved the fine tuning of selected parameters so 
that the biomass and compositional dynamics of the forest remained within reasonable 
ranges as observed in the actual forest plot data. Following this the evaluation of the 
model without logging indicates changes in abundance for various functional groups but 
these were all well within the natural range of variation observed in the sample plots. 
The directions of the changes found in abundance following fine tuning were in 
agreement with recently demonstrated changes of forest structure and dynamics across 
Amazonia and other relevant theories of forest dynamics. Responses to simulated logging 
appeared to be sensible. The incorporation of a drought stress pulse had a significant effect 
on forest dynamics because of its influence of bringing the biomass dynamics much closer
to levels found in permanent sample plot data. We can therefore be confident that the 
model is able to give realistic predictions of forest structure, and composition in relation 
to timber harvesting. Rigorous validation of the model, however, could unfortunately not be 
done. More data, especially on mortality and recruitment especially from selectively logged 
and silviculturally treated forest under a range of sites and intensities of intervention would 
be needed for further refinement. 
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Finally, it should be taken under consideration that simulation models cannot be 
proven true without waiting for decades, and that they should be considered as reflecting 
extrapolations of current knowledge and assumptions (e.g. Liu & Ashton, 1995; Pascale et 
al., 1996; Vanclay 1989, 1995a, 1997;Kholer, 2000 Hope 2003; Prisley& Mortimer,
2004;Arets, 2005;Rugger et al., 2006; Evans, 2012; Vanclay., 2014; deAngelis&Grimm.,
2014). 
Until then scenario studies using the current models provide the best educated guesses 
regarding the future of managed terra firme forests of the Brazilian Amazon within the limits 
of recalibration set by permanent sample plot data. 
Chapter 5 
Amazonian Forest Functional Composition and 
Resilience to Selective Logging: An Enquiry through 
Simulation Modeling 
Abstract 
The goal of the investigations described in this chapter was to analyze forest response to 
different logging practices common in the Brazilian Amazon region and to elucidate the relative 
resilience of the tree community, considering trees > 10 cm d.b.h to current selective logging
practices across the Amazonian terra firme tropical forest as determined by functional composition 
diversity. To achieve these three models within the SYMFOR modeling framework were
recalibrated for areas in Pará state Brazil, Amazonas state Brazil  and the Puerto Maldonado
region,Peru.
We used two measures to analyze resilience of a forest stand over the scale of hectares; 
stand functional composition and stand basal area over a 90 year period after the first logging event.
Results indicate that response varied across the three areas and was related to compositional 
diversity. More specifically, although for some limited compositional range the number of 
LHW (light hardwood) species leads to a greater resilience of a climax forest community as 
predicted by the null hypothesis of this thesis, this was not true for the entirety of compositional 
ranges sampled. There appears to be a threshold after which resilience becomes significantly 
lower. These results are in agreement with both the null and alternative hypothesis, but only 
within a specific range of initial conditions expressed as functional composition values. 
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1 Introduction 
Currently very little is known about the autogenic ecological factors that 
drive resilience of the Amazonian non flooded (terra firme) forest tree community to 
selective logging disturbance (Hawthorne et al., 2011; Baraloto et al., 2012;Laufer et al., 
2013)but also tropical moist forests in general (Hawthorne et al., 
2011;Zimmerman&Kormos, 2012; Baraloto et al., 2012; Burivalova et al., 2014). A theory 
capable of potentially providing a model of response comes from the general field of 
systematics and more particularly, the discipline of cybernetics. The relevant theory 
dictates that more complex systems possess a lower degree of entropy which would grant 
them greater resilience to disturbance (disorder) in relation to more simple ones. The 
theory encompasses composition and structure when applied to plant communities or
specifically to forest ecosystems (Holling, 1973;Naeem et al., 1994;Naeem &Li
1997;Huxley, 1999; Gunderson, 2000;McCann, 2000;Ghilarov, 2003; Johnson, 2007). In
our case, where structure is relatively similar across Amazonia (ter Steege et al., 
2003;ter Steege et al., 2006), composition becomes the principal factor that could 
potentially explain any difference in response should it exist. 
Thus far, the above response model is supported by a variety of scientific 
research findings and practical experience from the temperate zone. Research on 
arable ecosystems has so far shown that at least under controlled environment 
conditions this principle for plant communities composed of  non woody plant species is true 
(Naeem et al., 1994;Forum, 1998;Wardle, 2003;Voigt et al., 2007). For forests the most 
well-documented so far are the increased benefits of selectively logged uneven aged 
forests in terms of yield due to decreased risk and severity of various tree diseases combined 
with more effective site utilization, especially in the poorer soils leading to increased 
growth in relation to monocultural plantations (Jameson, 1995; Baraloto et al., 2010).
Recent evidence has also suggested this for neotropical rainforests like the ones of this 
study for selective logging 
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disturbance as well (Baraloto et al., 2012). Furthermore, synecological effects of facilitation 
of one species for another and subsequent increased ecological robustness have also been 
observed to be common (Matthews, 2001;Baraloto et al., 2010). In the tropics evidence from 
forest plantations seems to be in favor of the aforementioned theory, but also that
this phenomenon is considerably more important to community resilience here than 
in the temperate zone (e.g. Johnson, 1976; Herault et al., 2010). This appears to be true for 
managed natural and semi-natural non flooded (terra firme) forests of Amazonia also 
(Sabogal et al., 2006). 
Practical forestry experience from the region however contradicts, at least to an 
extent, the above argument and dictates that resilience is determined by the degree of 
presence of a specific subgroup of early successional tree species known as the long lived 
pioneers or light hardwoods (Whitmore, 1989; Quevedo, 2006). These are species, that 
although characteristic of climax forest, are typically more responsive to gap formation and 
are also generally the most shade intolerant of the functional forms typical of mature 
forest (Whitmore, 1989;da Silva et al., 2004;Quevedo, 2006).
However, as with most information on tropical forest dynamics, evidence is limited 
and fragmentary. In response to the aforementioned problem, a number of forest dynamics 
modeling tools have been developed as a direct consequence of the lack of long term data 
availability in conjunction with the need to make long term projections of response of the
forest community for purposes of scientific discovery and sustainable forest 
management (Phillips et al., 2004; Valle et al., 2007). 
In this study, we tested whether forest functional composition had an effect on long 
term ecological resilience to logging practices currently prevalent in the Brazilian Amazon. 
We attempted to address this hypothesis using three different individually based single tree 
forest dynamic simulation models in the SYMFOR modeling framework (see 
www.symfor.org) each separately recalibrated for three different sites of increasing 
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functional compositional diversity for which suitable permanent sample plot data 
were available.
2 Methods 
2.1 Study sites and initial conditions 
The three sites that data of permanent sample plots (PSP‟s) were used to initialize 
simulations for the models within the SYMFOR framework were in primary, 
undisturbed lowland tropical terra firme (unflooded) Amazonian forest
These three sites represent a gradient in forest composition with increasing numbers of 
light loving pioneer tree species and concurrently, decreasing compositional diversity on a 
south to east axis (see ter Steege et al., 2003; ter Steege et al., 2006 for further details). The 
first site located in the central Amazon, around 90 km outside the city of Manaus, is
in evergreen tropical forest (2°51'31.24"S; 59°53'17.36"W).These PSP are in forest which 
is exceptionally rich in tree species (more than 280 tree species with a d.b.h of 10 cm 
on average) with a consequently very low dominance on a per hectare level. The second 
site is close to the city of Puerto Maldonado, Peru, in lowland terra firme forest in the non
flooded areas around the Madre de Dios river (12°40'59.20"S,69°13'1.50"W). These 
forests have a much lower compositional diversity in terms of tree species in relation to 
Manaus with an average number of 130 tree species per hectare (considering trees >10 cm 
d.b.h).
The third site is in the Caxiuana national forest in the state of Pará, 
Brazil (2°56'41.22"S, 59°56'37.73"W). They are also run by the TEAM network for 
nature conservation. This area is intermediate with respect to the former two, in 
terms of compositional diversity. All plots were selected on the basis of being in forest 
that could actually be worth logging (enough trees and of the right sizes). The same plots 
to initialize simulations were also used in the modeling work described in chapter 4 of 
this thesis. All plots were of 1 hectare in size and square in shape. The plots in 
Manaus and Puerto 
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Maldonado were artificially subdivided into 20x20m square subplots. The PSP datasets from 
Caxiuana national forest had precise   x, y coordinates for each tree with a minimum d.b.h of 
10 cm. 
Logging occurs in all three areas outside the sites but intensity and species selection 
varies according to the number of commercial species used and size of local wood industry. 
In all sites, the current legal felling diameter is around 50 cm d.b.h for all species (for some it 
is set higher) and concessions can legally remove around 2-5 adult trees per hectare on 
average. Illegal (predatory) logging, which is prevalent as a form of timber harvesting,
typically removes all trees of commercial value and harvestable size (this is typically around 
35 cm d.b.h). Popular commercial species in the three regions include Hymenea courbaril,
Cedrela odorata and Didymopanax morotoni.Quesada et al (2007) provide details on 
the physical environment of these plots. Table 5.1 summarizes the main ecological 
characteristics of each site based on the four 1 ha plots used to initialize simulations. 
Stand Characteristics Manaus Caxiuana Puerto Maldonado 
Total volume (m2 ha-1) 311±14 293±11 243±19 
Commercial volume (m2 ha-1) 97±12 129±16 136±20 
Percent volume of Light 
hardwood species 
3±1 6±2 8±2 
Percent volume of pioneer 
species 
2±0.6 4±1 7±1 
Table 5.1: Ecological description of permanent sample plots used to initialize simulations based on data from trees >10 cm 
(mean +standard error) 
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2.2 Description of the ecological models 
Three separate ecological models implemented in the SYMFOR modeling framework 
(see section 2.1 of chapter 4 of this thesis and http.www.symfor.org for details) were used in 
this project that were developed based on permanent sample plot data from a number of 
areas. The first was developed using data from the Tapajós national forest and Jari cellulose 
lands in the states of Pará and Amapá, respectively in Brazil (details for this are described in 
Phillips et al. 2004 and the more recent modified version used in this project is described 
in van Gardingen et al. 2006). For developing this model PSP in undisturbed (primary) 
and forest that was logged and experimentally treated under an experimental design
with different intensities of logging and silvicultural treatment were used. They are 
described more extensively in Phillips et al. (2004). 
The other two models were developed based on data from the Manaus region in Brazil 
and the Puerto Maldonado region in Peru (for details see section 2.1 and appendix I). 
The rates of these processes for individual trees depend on their own size and 
competition with other trees, mainly for light, and were parameterized from data. The 
minimum diameter for all models is 10 cm. The models are individual-based and spatially 
explicit, meaning that all trees are individually represented and occupy a unique 
spatial position in the simulated forest stand. For the Manaus and Madre de Diós 
models the minimum spatial unit is the 20x20m grid square while for the Tapajós/Jari
version a 10x10m one. 
Competition among individuals is represented as a distance and size 
dependent competition index that is explicitly derived from the data.For the Tapajós/Jari 
model, this index Ct is based on three competition intensity zones around the individual 
subject tree, where zone 1 is a 10m × 10m grid-square containing tree t, and zones 2 and 3 are 
defined relative to zone 1 as shown in Fig. 5.1. This index is described below in equation (1) 
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where z1, z2 and z3 are the coefficients for the relative competition importance of zones 1, 2 
and 3, respectively, i, j and k are the over-topping trees in the three zones (Figure 5.1), n1,
n2 and n3 are the total number of over-topping trees in the three zones, and D is diameter 
of tree i, j, etc. Competition was modeled as a function of diameter (Eq. (2)), and the 
modeled value was then subtracted from the absolute value (Eq. (3)). This leads to a 
competition index symmetric about zero, and, on average, independent of tree diameter. 
 𝑡𝑖 =  1 
+𝑏2   (2) 
C= 𝑡 − 𝑡𝑖 (3)
Where Cˆt  is the predicted value of the competition index, Ct is calculated from the 
bo
D
Ct = z1
n1∑
i=1
Di
Dt
+ z2
n2∑
j=1
Dj
Dt
+ z3
n3∑
k=1
Dk
Dt
(1)
tree diameter, D, and bo, b1 and b2, are parameters. The diameter-independent competition 
index, C, is the competition index used.Further details  on this index can be found in Phillips 
et al.(2004) and Valle et al.(2007).
For the Manaus and Madre de Dios model version competition was modeled as the 
sum of the basal area of trees with a minimum d.b.h of 10 cm in a 400 m2 (20x20m) subplot. 
The dynamics of these models are described in detail in Appendix IV.
Figure 5.1: Competition index used for modeling forest dynamics in the Caxiuana forest site. The different zones of 
competition, for a tree in zone 1, use 10m × 10m grid-squares. The competition indices from these different zones may be 
combined in different ratios, leading to competition indices that depend differently on distance from the object tree. 
2.3 Species ecological groups 
For the purposes of the study presented in this chapter of the thesis, we worked with three
ecological (functional) grouping systems. The first was used for modeling forest dynamics of 
the forests of Manaus and Puerto Maldonado, the second used for modeling forest dynamics 
of the Caxiuana forest. The third was a clustering of groups from both systems into a 
common analogous one for making comparative studies with respect to functional 
composition across the three permanent sample plot sites. They are described in the order 
they were used below. 
(a) Simulation modeling: we used two classifications of ecological groups of trees one
for the Pará (Tapajós/Jari) model for initializing simulations with the Caxiuana plot datasets 
and a second classification for the other two adapted to Manaus and Puerto Maldonado to be 
used with plot data from these regions. The classification for the Manaus and Puerto 
Maldonado datasets was based on differences in two morphological characteristics: wood 
density and adult stature, which are predictors of species‟ responses to disturbance in terms of 
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growth, recruitment and survival (see Kholer et al., 2000; King et al., 2005; King et al., 2006;
Aubry-Kientz et al., 2013 for details and chapters 1 section 3 and chapter 4 section 2.2 of this 
thesis). The result was nine groups.
For the Pará (Tapajós/Jari) model used for initializing simulations with the 
Caxiuana permanent sample plots, a similar classification based on two equivalent 
characteristics derived from species specific data. This was average diameter growth rate 
and D95 or the value below which 95% of d.b.h observations are considering trees > 10 
cm d.b.h. This is because we know that that there is a direct correlation between 
diameter growth rate and wood density and D95 and maximum potential height 
respectively (Kholer & Huth, 2000; King et al., 2005; King et al. 2006; Poorter et al., 
2008; Aubry-Kientz et al., 2013). The process is described more extensively in Philips et 
al. (2004).
The first stage in the process was to produce for each species with at least 20 
individual trees, a set of variables which was: 
1. Mean growth rate
2. D95, the 95-percentile point in the D.B.H frequency distribution (as an index of
adult stature). 
The second stage in the process followed for grouping species of the Tapajós and Jari 
areas involved three steps, as performed by Phillips et al., 2004: (1) a clustering 
analysis to make the groups using the most populous species using the routine‘‘Proc 
Cluster’’of the SAS statistical software (2) a discriminant analysis using the routine 
‘discrim’of the SAS statistical software to add the less populous species to the existing
groups and (3) a subjective stage where species with little or no data were assigned to the 
groups. Tree species of the Caxiuana plots were assigned to these groups for this study
using linear discriminant analysis using the rellevant routine in the GENSTAT v 12.1 
statistical software to assign species not present but that had at least 10 individuals, to
the existing continuum. Remaining species 
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were assigned to the groups using taxonomic criteria. For the purposes of this grouping, all 6 
hectares of available permanent sample plots were used. Both grouping systems were 
analogous to each other (Table 1). The same procedure was used by Valle et al. (2007) to 
assign tree species to the Tapajós/Jari cluster for the recalibration of a SYMFOR model in the 
Paragominas province, Southwestern Pará state, Brazil. 
(b)Functional composition: The C-S-R (competitor, stress tolerator, ruderant) system of
plant functional types represents one of the best  known classification schemes, that is
relatively powerful in its predictions, yet simple in its assumptions (Hunt et al., 2004). 
Originally proposed by Grime (see Grime, 1974; 1977 for details), it is based on the 
underlying assumption that all plant species can be described ecologically in terms of how 
they respond to the three fundamental environmental gradients of their growing 
environment, more specifically of their adaptability to environmental stresses, 
adaptability to competition (degree of crowdedness of their environment) and response to 
disturbance. The theory states that the net position of a plant species or a group of species 
in a triangular ordination space (essentially a 3 dimensional Cartesian space) with three 
types of coordinates, can describe the basic ecology of a plant species. Expanding on this 
concept, entire vegetation formations can be described by using the net position in C-S-
R space that is a function of the three coordinates and the proportional abundances of 
plant functional types present on a site. This latter characterization is important for the 
hypothesis addressed in this thesis, because it can essentially provide a functional signature 
for the vegetation (Hodgson et al. 1999;Hunt et al. 2004). Following theoretical
refinement and field studies, currently 19 universal plant functional types (describing 
all known plant species) are accepted to exist for the purposes of navigating within C-S-R 
space. Three primary and four intermediate general plant functional types‟ intermediates of 
the remaining 12 are accepted within the triangular continuum. A total of 6 groups 
encompass all tree species. Figure 5.2 summarizes these relationships. This 
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system has consistently been tested to describe a wide variety of vegetation types (e.g. 
Caccianiga et al., 2006; Cerabolini et al., 2010) including forest (e.g. Brzeziecki & Kienast, 
1994; Soares-Barreto 2008). 
It was therefore, possible to accept an analogy with the grouping systems used for 
simulation modeling and to assign individuals to groups in the C-S-R system for purposes of 
examining the behavior of the functional signature of the permanent sample plot samples 
used for describing the initial conditions of the forest system in each of the three areas 
(see subsection (a) section 2.2 of this chapter).Based on these analogies between the different 
grouping systems used in this thesis groups it was possible to assign each to the C-S-R 
system using the diameter growth rate and adult stature classes of each rellevant group within 
each grouping system, in a subjective manner.The analogies and the main characteristics of 
each grouping system are shown in Table 1. Appendix V provides a table of standard 
ordinates for each of the 19 functional types in the C-S-R system. 
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Figure 5.2: The basic geography of C-S-R space. (a). The relations between the two environmental dimensions (stress and 
disturbance) and the three plant dimensions (C, S and R); all of these lie in the plane of the page (this is not a perspective 
illustration) (b). The locations of three primary (C, S, R) and four secondary (CR, SC, CSR, SR) plant functional types 
within the entirety of C-S-R space is shown (c). The location of 19 functional types in C-S-R space (d). The C, S, R triple 
coordinates for the locations shown in part (d) with ranges -2 to +2. 
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General ecological group Manaus / 
Puerto 
Maldonado 
Tapajós/Jari C-S-R
System
Example species 
Slow growing emergent 1 8 SC Manilkara huberi 
Slow growing canopy 2 1 SC Eschweilera odora 
Slow growing subcanopy 3 2 C/SC Duguetia 
echinophora 
Medium growing emergent 4 5 S/SC Carapa guianensis 
Medium growing canopy 5 3 S/SC Several 
Medium growing 
subcanopy 
6 4 SC/CSR Several 
Fast growing emergent 7 10 S/CSR Dydimopanax 
morotoni 
Fast growing canopy 8 6 S/CSR Goupia glabra 
Fast growing subcanopy 9 7+9 CSR Cecropia spp 
Table 5.2: General ecological (functional) groups of trees for the three equivalent grouping systems used in this study along 
with example species for simulation modeling and to compare across areas for the purposes of this study and analogies 
among them 
2.4 Management modeling 
(a) Utility groups: The management model uses a number of utility groups to
distinguish tree species on a plot that can be subject to different management decisions, e.g. 
related to their commercial attractiveness and legal management. The classification that we 
made was based on a classification of established commercial species for each of the 
three regions for which the model was recalibrated. As data and information were limited, we
made the decision to have only two basic utility groups: commercial and non commercial tree 
species. The commercial species lists for each of the three areas were based on one 
assumption: that all sites were in Brazil in terms of harvesting regulations and so on. This 
helped ensure that the effect on the forest was as common between the three sites as possible, 
while at the same time providing a focus for using the evidence in sustainable forest 
management and policy making in a precisely identifiable and realistic context. 
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(b) Management interventions: The management model can be used to simulate
various logging scenarios. Different options exist for regulating yield, like maximum and 
minimum timber volumes to extract and the maximum number of trees to be extracted. Also, 
parameters exist to define felling cycles (FC) and minimum felling diameters (MFD). The 
selection of trees for logging is made in two steps. First of all, trees of commercial 
species that pass the logging requirements (minquality and MFD) are selected, after
which a random selection of these qualifying trees is made until the maximum allowed 
harvest intensity is reached. Because the selection of trees that will be felled is random, on 
average the ratio of harvested trees among the commercials utility group is proportional to the
percentage of harvestable trees of that group in the simulated forest.
For all our simulations that reduced impact logging (RIL) was practiced, we selected 
the felling sub-model that simulates directional felling. This lets felled trees fall in the 
specified direction relative to a simulated skid-trail and is known from scientific research to 
significantly reduce damage to the forest stand. For conventional logging, the felling sub-
model with non-directional felling was used which has a much more negative effect and 
greatly increases damage to the residual stand. 
Damage to surrounding trees is simulated in the same way as the damage caused 
by falling trees that died naturally (see chapter 4 section 2.3 and appendix I section 4 for
more details). The management model offers two options for the simulation of the skid-
trails. The first option will simulate a straight skid-trail from the entry point in the plot for 
each felled tree. The second option will minimize the total length of the simulated skid-trail 
by simulating branched skid-trails. This second option reflects a certain degree of planning 
of the skid trails and was the option that we chose when reduced impact loggings (RIL) 
were to be applied for this study. The first option was the one used for when 
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conventional logging was applied. The simulated skid-trails have a certain width within 
which all trees smaller than a certain diameter will be killed. Also, damage is simulated to 
trees next to the skid-trail that is caused by skidding felled trees around corners. Yet another 
damage area is simulated around the base of a felled tree to represent damage caused by 
maneuvering of the skidder to attach to the bole. Effectively, all these damage areas that are 
related to skidding are stripped of trees smaller than the defined D.B.H limit. 
We did not apply the complete range of possible measures for reduced impact logging 
(RIL) as understood by forestry practitioners, because it is currently not widely applied 
in timber production in Brazil and even when it is, practicality places a limit on the options
available to forest managers.
2.5 Timber harvesting scenarios 
The baseline of this study consisted of the simulation of stand dynamics under 
what was regarded as the most common timber production practices. This was preferred 
to the alternative of some form of experimental design with varying intensities of 
harvesting, because it allowed for the direct correlation with information from the field and 
application to forest policy planning. They are described in order of decreasing 
disturbance intensity here. The first was heavy high grading (HRG). This typically 
removed all trees equal to or above 35 cm d.b.h that are of a minimum quality and that are 
commercial in a single event, with no attention paid to using reduced impact logging 
techniques (i.e. predatory logging). The second was conventional legal logging on a
30 year rotation (CL30). This removed around 30% of total commercial volume of trees 
equal to or greater than 50 cm d.b.h from a stand on a 30 year polycyclic rotation
without the use of reduced impact logging techniques (RIL). The third was reduced 
impact logging on a 30 year rotation (RL30) .This typically removed 30% of total 
commercial volume of trees equal to or greater than 50 cm d.b.h on a 30 year polycyclic
rotation, and the inclusion of reduced impact logging techniques (RIL)
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to minimize damage to the residual stand and associated environment of the
forest(for more details of this see section 2.5 of chapter 5 of this thesis ).The fourth and final 
treatment was light high grading (LHG) . For this treatment, the top 30% was typically 
removed in terms of quality of the trees  which are commercial and are equal to or above 35
cm d.b.h in a single logging event 
2.6 Simulation settings 
(a) General: We simulated two types of logging scenarios for four suitable 1 hectare
plots for each of the three PSP sites (Manaus, Puerto Maldonado, Caxiuana): scenarios with 
logging once and poly-cyclic (repeated logging events) scenarios. For comparisons with 
the logging scenarios, we also simulated forest without logging, which we used as a
base-line simulation. To minimize the effect of systematic errors in the model, we compared 
the results with the base-line simulations instead of with the initial situation. All 
scenarios were simulated for 100 yrs. with the first logging event simulated at year 10.
Output on all individual living trees of basal area and number of individuals per ecological 
and utility group was generated every 5 years. 10 simulation runs were performed for 
each 1 ha plot for each scenario (including unlogged forest). 
For forest treated under reduced impact logging (RIL), with planned skid 
trails (simulated width of 4 m), directional felling was practiced and lianas were cut before 
logging,leading to a smaller damage area by felled trees. For forest treated under
conventional logging, there was no attempt to minimize environmental impact on 
the forest. The minimum D.B.H for logging was 50 cm for all scenarios, except heavy 
high grading (HGR) and 30% of these trees for all scenarios were not removed (logged) to 
allow for typical rates of defects (poor form or hollow). 
(b) Selective logging: The simulated logging practices actually represent a gradient of
intensity of disturbance, though for the different areas, the commercial species list is of 
different size. Therefore, especially if the fact of varying floristic composition is taken  into
account, a statement of the type “30% of total commercial volume of trees was removed” can 
mean a very different effect in terms of disturbance intensity for a stand or an area of forest. 
To address this problem so that the effect of harvesting is the same across the sites and the 
different plots, we chose to simulate practices in such a way as the effect on stand level forest 
biomass was approximately the same for all three areas. The exact ecological effect of 
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harvesting was not possible to simulate due to the fact that there was a different complement 
of commercial species from area to area, in addition to the fact that commercial tree species 
may belong to any of several ecological guilds of tree species in each occasion. In table 5.2, 
we present the characteristics of the treatments applied using the management model, and 
give the values in terms of harvested trees. The gradient used allows the study of the 
resistance component of resilience (see chapter 1 section 4), in the sense that disturbance is 
what the community will show varying  levels of resistance to. 
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Table 5.3: Characteristics of the four disturbance treatments studied in relation to the control (C) across the three sites 
used to initialize simulations. Control=Control treatment, LHG=Light high grading,RL30=Reduced impact logging on a 30 
year rotation,CL30=Conventional logging on a 30 year rotation, HRG=Heavy high grading
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2.7 Treatment of simulation data 
For the purposes of the theory addressed in this thesis, resilience is addressed also at 
the level of precariousness or degree of deviation from primary forest conditions (see chapter 
1 section 4 for more details). This can be defined at two levels: composition and structure. 
Using functional composition that separates the light hardwood tree species (LHW) from the 
true pioneers and the climax species was an obvious choice for addressing the issue of 
composition (as is explained in chapter 1 section 4 and chapters 2 section 2.2. and chapter 3 
sections 2.4). 
Structure is the second fundamental characteristic describing a forest stand and 
is, therefore, also important in determining stand level resilience (precariousness). Stand
basal area is perhaps the best and most extensively tested indicator measure of forest structure 
both theoretically and practically. This is particularly so in addressing issues like forest 
recovery following selective logging (Ghazoul & Hellier, 2000; Hawthorne et al., 
2011;Burivalova et al., 2014). 
We therefore, chose to output two specific variables: basal area of individual trees and
number of trees per species group per one hectare plot. This provided abundance data (as 
number of individuals) and basal area figures at the 1 ha (stand) level. We then restricted the 
number of time points to be examined at 15, 50 and 90 years after the beginning of the 
simulations with the first logging event at year 10 for all simulations. We used this simulated 
data in two ways. 
The first was to examine undisturbed forest behavior for all three sites from which 
permanent sample plot data to initialize forest simulations came. We used the same plots to 
initialize simulations of selective logging. We compare the three areas with respect to two 
ecological characteristics relevant to the hypothesis of this thesis: the first was proportional 
abundances by number of stems and basal area per hectare of the three basic ecological 
groups that are present in an undisturbed species rich area of forest, more specifically, 
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climax, light hardwoods -LHW- and true pioneers. Essentially, this was a clustering of groups 
seen in table 1 of this chapter and in particular with the grouping system of Manaus/Puerto 
Maldonado where group 1, climax-groups 1 to 6, group 2, light hardwoods=groups 7 and 8 
and true pioneers=group 9 (and explained in chapter 4 section 2.2). For these purposes, the 
average (mean) position of the undisturbed forest area (as derived from permanent sample 
plots information) in C-S-R space was also calculated. 
The second way the simulation data were treated was to calculate deviation of the 
logged forest from primary undisturbed forest conditions (simulations) at the 
functional composition and biomass(basal area) levels. All calculations were performed in
Microsoft excel. They are described extensively below: 
(a) Functional composition deviation:
We calculated for each one hectare plot, the weighted average values of its C, S and R 
coordinates at a specific point in time. This was calculated for each of the three
ordinates individually for that time point using equation (5) as function
Where D is the weighted average of the ordinate, Pi, the percent presence of type i in 
the 1 ha plot at the specific time point (where i=1 to 19 functional type number of the C-S-R 
classification system) and Li
D is the standard ordinate of type i in a given dimension 
(C-S-R).This provided the figures needed to calculate the statistical mean of the 10 simulation
runs of the weighted average of each of the three ordinates for each 1 ha plot for each 
scenario. These 
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means were used to calculate the average Euclidian distance in three dimensional Cartesian 
space between each logging scenario with the undisturbed forest for that specific time point. 
Distance used was Euclidian in three dimensional Cartesian space and the three point 
coordinates are the values of the average of the weighted mean values of ordinate C, S and R, 
respectively for the undisturbed forest simulations for the specific 1 ha plot and the second 
set of three point coordinates are average weighted mean values for one of the 4 logging 
scenarios for ordinate C, S and R respectively. This gave a total of 12 observations (one for 
each of three time points, for each of the four 1 ha plots) for each of the four logging 
scenarios. Observations were finally multiplied by 100 to generate a figure that was 
appropriate for statistical analysis (all numbers large enough).  Using this methodology, it is 
possible to detect compositional differences at the stand and the area level (assuming that the 
forest is monitored via plots) in a relatively straightforward and uncomplicated manner. 
(b) Stand basal area deviation:
For each 1 ha plot for each of three individual time steps, we calculated the absolute 
value of the difference in mean stand basal area in m2 between the undisturbed forest and the 
specific logging scenario for that time step using equation (6). 
𝑑 = | −  |  (6) 
Where d=distance in one dimensional space, x= 1 ha plot stand basal area mean in m2   of 10 
undisturbed forest simulations for the specific 1 ha plot, y=1 ha plot stand basal area mean in 
m2  of 10 simulation for that logging scenario, for the specific 1 ha plot. 
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2.8 Statistical analysis 
To test for differences in mean deviation from primary forest conditions irrespective 
of selective logging scenario (treatment) between the three areas (Caxiuana, Manaus, Puerto 
Maldonado), we used one way Kruskal-Wallis tests (non parametric equivalent of a one way 
analysis of variance) for both Euclidian distance in C-S-R space and 1 ha plot (stand) basal 
area. To further test differences between three sites for these two variables, both irrespective 
and across logging treatments, we used a general linear model (GLM) to perform an analysis 
of deviance. We used the general linear modeling procedure of GENSTAT v 12.1.The model 
used is described by equation (7). 
Y = m+ ai + bj + (ab)ij +cij (7) 
Where m is the general mean, ai is the effect of site, bj is the effect of the logging treatment 
and abij is the interaction between site and treatment, and cij is an error term. The 5% level of
significance was used to test the hypothesis of an effect being significant. 
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3 Results 
3.1 Undisturbed forest dynamics 
During 100 year simulations of undisturbed forest across the three study areas initial 
(starting) conditions of the three areas showed a pattern of decreasing stand successional 
status, as one moved from the forests of Manaus to Puerto Maldonado and finally, Caxiuana. 
This was evident by the increasing presence of groups 2 (LHW) and 3 (true pioneers) in the 
forest plots in conjunction with the decreasing presence of group 1 (climax), both relatively 
and proportionately. This information is summarized in Figure 5.3a for basal area per hectare 
in m2. This pattern is also evident for the three areas in their relative position in C-S-R space. 
More specifically, a significantly greater value for the mean R coordinate relative to C and S 
for the Caxiuana plots was found in relation to Manaus and to a lesser extent Puerto 
Maldonado. This information is summarized in figure 5.3b. For a more detailed account of 
undisturbed forest behavior for the Manaus and the Puerto Maldonado sites, see chapter 4 
sections 4.2 of this thesis. 
3.2 Functional compositional dynamics responses to selective logging 
The compositional response of three different forest communities varied greatly both 
overall across the three areas irrespective of logging scenario and between the three areas 
across the four logging scenarios over the 90 year period. The one way Kruskal-Wallis test 
showed a highly statistically significant difference between the three sites, irrespective of 
logging scenario  (H=34.34, P<0.001, see table 5.3). The general linear model (GLM), both 
site and logging scenario contributed significantly to variation in mean distance (F=7.12, 
P<0.001, see table 5.4). Significant compositional changes occurred in direct response to 
selective logging for all three sites that were proportional to the intensity of the logging 
disturbance. More specifically, for almost all logging scenarios mean Euclidian distance in C-
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S-R space was significantly smaller for the Puerto Maldonado site in relation to the other two,
followed by Manaus and then Caxiuana, which showed the greatest Euclidian distance from 
primary undisturbed forest position in C-S-R space on average. The only exception was the 
RIL30 scenario (reduced impact logging on a 30 year polycycle-rotation-) in which the 
Puerto Maldonado site showed a highly significant difference in mean Euclidian distance in 
relation to Caxiuana, which was second, and Manaus third. 
When examining overall mean response irrespective of treatment, a different pattern 
could be observed. Here, the Manaus site exhibited the lowest mean Euclidian distance, 
followed by Puerto Maldonado and then, Caxiuana. The outlier in the RIL30 scenario was 
the main reason why the pattern observed across treatments was not consistent, and it was the 
reason why the inclusion of the RIL 30 scenario data in the overall mean caused this. These 
relationships are summarized graphically in Figure 5.4a. 
3.3 Stand basal area response to selective logging 
In response to selective logging disturbance, there were significant changes in stand 
mean basal area distance across the 90 year period both overall, across the three areas 
irrespective of logging scenario and between the three areas across the four logging scenarios. 
The one way Kruskal-Wallis test showed a highly statistically significant difference between 
the three sites, irrespective of logging scenario  (H=25.94, P<0.001, see table 5.3). The 
general linear model (GLM) with both site and logging scenario included contributed 
significantly to variation in mean distance (F=1.95, P=0.029, see table 5.6). More
specifically, across the logging scenarios, there was increased mean distance with increasing 
logging intensity for all three sites. The smallest mean distance was consistently that of 
Puerto Maldonado. For LHG, CL30 and HRG treatments, Caxiuana was second with Manaus
exhibiting the highest, with the exception of RIL30 treatment where the Caxiuana site 
exhibited the greatest mean followed by Manaus and then last Puerto Maldonado. 
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Irrespective of logging scenario, Puerto Maldonado exhibited the smallest mean distance, 
followed by Caxiuana and finally, Manaus with the highest mean distance. These 
relationships are summarized graphically in figure 5.4b. 
Figure 5.3: Simulated 100 year statistical mean for the three permanent sample plot sites used to initialize simulations in this 
study of the three undisturbed forest communities of (a) stand basal area in  m2 of  the three basic ecological groups of tree 
species of Amazonian terra firme forests (Climax, light hardwoods -LHW- and true pioneers. (b) Vegetation C, S and R 
coordinate values in the C-S.R functional signature system. Bars of individual areas are placed from left to right by 
decreasing stand successional status and increasing proportions of LHW tree species and true pioneers. Error bars represent 
standard error of the mean. Site codes; MN=Manaus, PM=Puerto Maldonado, CX=Caxiuana. 
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Figure 5.4: Simulated 90 year statistical mean for the three permanent sample plot sites used to initialize simulations in 
this study of the three previously undisturbed forest communities, subject to selective logging experimental treatments 
of (a) Euclidian distance in C-S-R space, multiplied by 100 for each scenario between that scenario and undisturbed forest 
of the four 1 ha plots used to initialize simulations based on averages C, S, and R ordinate values for that plot for a specific 
of three time points over the 90 year period and (b) absolute difference in stand basal area in m2 . Error bars represent
standard error of the mean. Site codes; MN=Manaus, PM=Puerto Maldonado, CX=Caxiuana. Logging scenario codes; 
LHG=Light high grading, RL30=Reduced impact logging on a 30 year rotation, CL30=conventional logging on 
a 30 year rotation, HRG=Clearfelling, AVERAGE=average across treatments (see section 2.4 of this chapter of the 
thesis for further details). 
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Euclidian distance CSR space Stand basal area difference 
34.34 25.94 
<0.001 <0.001 
2 2 
69.85 91.96 
48.98 49.12 
Kruskal – Wallis test 
H 
P 
Df 
Mean Rank MN 
Mean Rank PM 
Mean Rank CX 98.67 76.42 
Table 5.4: Kruskal-Wallis one way ANOVA to test for differences between the three sites for the distance measures 
Euclidian distance in CSR space and stand basal area absolute difference. (MN=Manaus, PM=Puerto Maldonado, 
CX=Caxiuana) this is irrespective of logging scenario as a general response to logging for Euclidian distance in CSR space 
multiplied by 100 and absolute stand basal area difference from primary forest values. Statistically significant effect of site 
for both variables. 
Table 5.5: Table of the effects or coefficients of the regression of the General linear model with their respective standard 
errors and p values for the variable Euclidian distance*100. This is across all three sites (Manaus=MN, Puerto 
Maldonado=PM, Caxiuana=CX) by logging scenario (LHG=light high grading, RL30=Reduced impact logging on a 30 year 
rotation, CL30=conventional logging on a 30 year rotation, HRG=high grading or clearfelling) in order of increasing 
disturbance from top to bottom. Note that all sites exhibited statistically significant effects which became more significant 
with increasing disturbance. 
Parameter estimate s.e t(*) t pr. 
Area CX .LHG 0.1547 0.0480 3.22 0.001 
Area CX .RL30 0.1910 0.0602 3.17 0.002 
Area CX .CL30 0.1936 0.0610 3.17 0.002 
Area CX .HRG 0.0994 0.0301 3.30 <0.001 
Area MN .LHG 0.2326 0.0745 3.12 0.002 
Area MN .RL30 0.991 0.404 2.46 0.014 
Area MN .CL30 0.2483 0.0800 3.10 0.002 
Area MN .HRG 0.1263 0.0387 3.26 0.001 
Area PM .LHG 0.981 0.398 2.46 0.014 
Area PM .RL30 0.0572 0.0169 3.39 <0.001 
Area PM .CL30 1.103 0.462 2.39 0.017 
Area PM .HRG 0.2424 0.0780 3.11 0.002 
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Parameter estimate s.e t(*) t pr. 
Area CX .LHG 0.2081 0.0654 3.18 0.001 
Area CX .RL30 0.1560 0.0484 3.22 0.001 
Area CX .CL30 0.2044 0.0642 3.18 0.001 
Area CX .HRG 0.1519 0.0466 3.26 0.001 
Area MN .LHG 0.1229 0.0376 3.27 0.001 
Area MN .RL30 0.2541 0.0820 3.10 0.002 
Area MN .CL30 0.1967 0.0620 3.17 0.002 
Area MN .HRG 0.0846 0.0254 3.33 <0.001 
Area PM .LHG 0.2845 0.0930 3.06 0.002 
Area PM .RL30 0.341 0.0114 2.99 0.003 
Area PM .CL30 0.384 0.131 2.94 0.003 
Area PM .HRG 0.2307 0.0739 3.12 0.002 
Table 5.6: Table of the effects or coefficients of the regression of the General linear model with their respective standard 
errors and p values for the variable absolute difference in stand basal area in m2. This is across all three sites (Manaus=MN, 
Puerto Maldonado=PM, Caxiuana=CX) by logging scenario (LHG=light high grading, RL30=Reduced impact logging on a 
30 year rotation, CL30=conventional logging on a 30 year rotation, HRG=high grading or clearfelling) in order of increasing 
disturbance from top to bottom. Note that all sites exhibited statistically significant effects, which became more significant 
with increasing disturbance. 
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4 Discussion 
4.1 Functional composition and basal area stability in response to logging 
Comparison of the simulated response of the three areas to selective logging 
disturbance at various intensities showed that there were significant compositional and 
structural responses to logging that were in general, positively related to the intensity of the 
disturbance. This has been noted also elsewhere in the tropics for neotropical (Johns, 1989; 
Silva, 1989; Higuchi & Favrichon, 1995; ter Steege et al., 2002; da Silva, 2004; Arets, 
2005;Baraloto et al., 2012; Gutierrez-Granados et al., 2011; Hawthorne et al., 2011) South 
east Asian (Kariuki, 2004 ; Yamada et al.,2013) and African tropical moist rainforest 
(Plumptre, 1996; Nzogang , 2009;Rutten et al., 2015). There appeared to be a significantly 
different response across the three permanent sample plot sites. In terms of functional 
composition, the Puerto Maldonado site showed the least change on average with the 
exception of the reduced impact logging treatment followed by Manaus and then Caxiuana. 
This was probably because of the very large compositional diversity and other associated 
features of the plots used to initialize simulations in conjunction with the impossibility of 
having the exact same ecological effect on this site in relation to the other two (Manaus, 
Caxiuana) or indeed at the individual plot level. A specific issue with respect to this is the 
impossibility of harvesting based on ecological strategy, because commercial species belong 
to many different ones. This is a common random effect problem with such experiments 
in natural tropical moist forest (see Alder & Synnott, 1992 for further details). However, 
the general pattern can be considered valid. Van Gardingen et al. (2006) have noted that 
changes in response to repeated selective logging for Amazonian terra firme forests are 
likely to be both significant and permanent, at least on the scale of decades and certainly, in 
the ones used by us. Results from this study attest in favor of this.
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In terms of mean basal area distance, the same comparison as with Euclidian distance 
in C-S-R space showed a very similar pattern across the three permanent sample plot sites. 
Here, the Puerto Maldonado site showed the same pattern in relation to the other two both 
across and irrespective of logging scenario. However, instead of Caxiuana showing the 
greatest change, the Manaus site exhibited this and Caxiuana followed second. The exception 
was the RIL30 treatment which showed a pattern much like the average pattern of Euclidian 
distance. 
Both analyses indicated that the site with intermediate functional diversity
(Caxiuana) exhibited greater resilience (i.e. less change) to selective logging, suggesting 
in general that functional diversity is the principal driving mechanism of resilience.
However our results also suggest that some proportion of LHW species does significantly
increase resilience (precariousness) but only up to a point (from Manaus to Caxiuana), 
after which it decreases. There are several reasons why this may happen. The first is that and
increased proportion of LHW species is positively correlated with  and increased
proportion of true pioneers. These are species that are typical in a mature 
undisturbed forest community, in very small almost insignificant numbers 
proportionately (see D‟Oliveira, 2000;da Silva, 2004;Arets, 2005; Quevedo, 2006;
Herault et al., 2010; chapter 1 sections 3 and 4, chapter 2 section 2.2, and chapter 3 sections 
2.4 of this thesis for more details). They are species that are adapted to disturbance and 
relatively high solar irradiance conditions (Ruslandi et al., 2012;van der Sleen et al., 
2014). Furthermore, they have a fast life cycle which acts as an additional favorable 
characteristic and as has been shown in chapter 3 of this thesis it is the principal one (see 
chapter 3 of this thesis). Logging associated disturbance has been shown to create 
conditions that are ideally suited to the requirements of such species (chapter 3 of this 
thesis; D‟Oliveira et al., 2000; Ruslandi et al.,2012 van der Sleen et al., 2014).
Moreover, such species generally exhibit very high recruitment and growth rates in 
relation to other ecological groups as has been shown in other 
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similar modeling efforts  within SYMFOR with ecological grouping systems either  very 
similar or identical to the ones of this study(Phillips et al. 2004; van Ulft 2004; Arets 2005) 
and from long term response data  from the field( Poorter et al. 2008; Herault et al. 2010; 
Hawthorne et al., 2011;Baraloto et al., 2012; Ruslandi et al., 2012;Flores et al., 2014 ;and 
chapters 2 section 2.2 and chapter 3 sections 2.4 of this thesis). They can therefore, exclude 
later successional species, if conditions are up to certain standards. The increased presence in 
the Caxiuana site meant that the baseline population was higher and therefore, there was a 
risk of regression to secondary forest in comparison with the other two sites for a given 
logging intensity.It is also the most probable reason why the basal area variable for the 
Caxiuana site fairs better in terms of distance from primary forest in relation to the Manaus 
site and exhibits here, the opposite pattern with Euclidian distance in C-S-R space. 
We could see a partial relationship between stand composition and resilience to 
logging disturbance. This relationship was only expressed over a limited compositional 
range, within this range (Manaus to Puerto Maldonado). These results are in agreement with 
the hypothesis of Whitmore (1989) who stated that there is a positive correlation between the 
proportion of LHW tree species and resilience to logging. However, due to the positive 
correlation between the presence of LHW species and true pioneers, the relationship 
becomes negative after a threshold in functional composition (Caxiuana), which is 
definitely the third site but the precise turning point could not be determined. This is in 
direct agreement with the modified diversity insurance hypothesis of Shijo & Anitha 
(2009) based on the one put forward by Tilman et al.(2006) which stated that and 
increased in functional diversity lead to increased ecosystem stability, and hence 
resilience to selective logging. This is also in direct agreement with the cybernetics principle 
that states that systems with greater complexity have lower entropy and hence can 
absorb perturbations more efficiently and relevant research findings (Naeem et al.,1994) 
and the theories of others in the field of ecology ( Naeem and Li, 1997; 
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Forum, 1998 McCann, 2000; Ghilarov  2003; Wardle, 2003;Johnson, 2007 Leary et al.,
2012). 
5 Conclusions 
Currently relevant forest policies and legislation for all countries with 
Amazonian terra firme forest ignore the large diversity and relevant gradients in 
forest functional composition that has more recently been quantified by ter Steege et al. 
(2006) for  the purposes of sustainable forest management and land use planning. In this
chapter of the thesis, we show that forest areas as defined from the functional composition 
characteristics can show variable response and resilience to the most common selective 
logging practices in the region, not considering total economic yield or biological 
increment directly. More importantly we show that resilience is determined by forest 
functional composition and is not a simple linear relationship as has been supposed by 
others in the past (Naeem et al., 1994;Naeem & Li, 1997;Forum, 1998;McCann, 2000;Shijo 
& Anitha, 2009). 
Forest policy and legislation can take these principles directly into account and 
regulate harvest limits according to the ecological capacity of each of the main eco-
regions sampled. For this to be achieved fully, however, further research is needed to define 
baseline levels (thresholds) based on forest functional composition and stand basal area for 
accepting a harvesting practice or a silvicultural system as sustainable. This can provide 
precise limits rather than general guidelines alone. 
Chapter 6 
Conclusions and Implications for Sustainable Forest 
Management 
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General Discussion 
The aim of the investigations described in this thesis was to elucidate the long-term 
effects of logging on, forest composition from a selection of sites across a 
predefined floristic and functional composition gradient with the ultimate goal of 
determining whether compositional diversity or proportion of light hardwood 
(LHW) tree species in the composition determines resilience to selective logging 
and how this varies on an Amazon basin-wide level for terra firme (non flooded) 
forest. To achieve this long term permanent sample plot data from across the biome 
were used. The datasets were the largest used to address this hypothesis for plant 
communities based on the available literature (e.g. Naeem et al., 
1994;Naeem&Li, 1997;Ghilarov, 2003;Wardle, 2003Johnson, 2007;Thompson et al., 
2009Nadrowski et al., 2010;Leary et al., 2012;Maeshiro et al., 2013) and the only
known case other than the study by Maeshiro et al (2013) that attempted to elucidate 
the effects of tree cutting for a forest community with a characteristically tropical 
ecology. 
The main results are summarized and discussed in the context of advancement of 
scientific knowledge and implications for sustainable forest management in this 
chapter. 
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1 Functional groups 
The purpose of this thesis was to test a theory in the field of functional 
ecology focusing on response of functional (ecological) groups of trees. Therefore, 
species were objectively classified into functional groups with similar ecological 
characteristics and responses to logging, based on differences in two morphological 
characteristics: wood density, and adult stature, which are predictors of species 
responses to disturbance in terms of growth, recruitment and survival. These two life 
history groups were subdivided into three subgroups each, depending on adult
stature (small, medium and tall stature, which relates to understory, canopy and 
emergent positions in closed forests). This combination of life history and adult 
stature groups resulted in nine functional groups. This distinction allowed the 
separation of the light hardwoods (LHW) that contain tree species characteristic of 
the mature forest, from true pioneers without the need for lifespan and growth rate
data that in our case were unavailable.These groups were used for modeling forest 
dynamics as described in chapter 4. They were aggregated into 3 and 6  groups 
respectively for  the purposes of statistical analysis of forest response to drought and 
selective logging in chapters 2, 3 and 5. 
Trees belonging to different functional groups were expected to respond 
differently to changes in light climate caused by drought induced tree death and 
selective logging. Maeshiro et al (2013) used a very similar grouping system to 
study the effects of different harvesting practices on forest functional composition for 
subtropical forest in Japan.
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2 Observed long-term effects of drought 
Drought is the closest natural form of large scale disturbance, which is 
analogous to selective logging as was explained in chapters 1 and 2 of this thesis. 
In chapter 2, the long term (17 years) effects of two drought events on performance 
were studied for a forest area in the Manaus region of Brazil. For the purposes of this 
study, 18 one hectare plots were used in which all trees >10 cm d.b.h were monitored. 
The data used were a subset of a much larger dataset of the Biological Dynamics
of Forest Fragments Project (BDFFP) that had been thoroughly tested prior to
this, for quality and validity with respect to examining changes in forest dynamics 
over long term periods like this study (Phillips et al., 2002). This dataset was found
to be ideal for examining such hypotheses with respect to growth, biomass 
dynamics and recruitment, and indirectly for mortality as well. Anomalies resulting
from differences in intercensus interval that could affect recruitment and 
mortality were corrected using the correction factor developed for permanent sample 
plots by Lewis et al (2004). Tree species were classified in three functional 
groups based on expected response to disturbance: Climax species, Light
hardwoods (LHW) and true pioneers. 
The scientific hypothesis for this experiment induced by nature was that there 
would be a gradient of response to the combined effects of drought stress and
increased light availability at the forest stand level, as a function of ecological 
group of trees with climax species showing the poorest followed by light
hardwoods (LHW) and finally, true pioneers. For assessing performance, the 
variables diameter growth (cm/year) annual percentage mortality and annual 
percentage recruitment were used. 
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Based on the results, it was concluded that there was indeed a
gradient in performance with a significantly greater performance of LHW tree 
species relative to climax in terms of lower mortality, higher recruitment and higher 
diameter growth rates of the former in relation to the latter.
It can therefore be reasonably extrapolated, based on these findings that
forest stands composed to a greater extent of LHW species are likely to respond more 
favorably to both drought and logging disturbance. However, as we did not have more 
than two repeated events over longer periods of time, these results must be 
viewed with caution, especially regarding logging. 
3 Observed short-term effects of reduced impact logging 
Selective logging in tropical moist terra firme forests of Amazonia is in 
all cases, a fairly localized form of disturbance (only 30% of total stand 
volume is harvested on average), focused mostly in the area around the
harvested trees. Therefore, examining the response of trees in the zone of influence 
of the individual microsites (foci) of the disturbance is an essential element in 
studying forest dynamics in response to selective logging. In chapter 3 the short 
term effects of selective logging on tree diameter growth (cm/year) are examined 
for three ecological groups of tree species: Climax species, Light hardwoods (LHW)
and true pioneers. The focus of the study is trees growing in logging gaps and 
undisturbed forest over a very wide range of stand and site conditions. 
Data from two major permanent sample plot sites: one in the state 
of Amazonas, Brazil and another in the state of Pará are used (for details see 
chapter 3). These datasets spanned a gradient of baseline stand functional diversity 
and also plot physical conditions and included datasets that had been checked 
prior  to this study for their
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suitability for examining changes in diameter growth for both the Tapajos forest
(Figueira et al., 2008) and the PPBio site in Manaus (de Castilho et al., 2006),
while the PWA ltd site had been examined thoroughly by both company staff and 
followed the standards of the forest stewardship council for adequacy  of
monitoring for sustained yield management, which is a delicate and sensitive 
variable  that is highly dependent on relatively small fluctuations in diameter
growth (Vale et al., 2006). Ecological grouping and population and site conditions 
was the subject of interest of this study. This in combination with the sheer size of the
individual datasets and the examination of trees that were definitely inside a 
logging gap, ensured that there was no pseudo replication between the two
forest disturbance categories examined. This would not have been the case had the
goal been to examine functional or species composition according to the most 
recent study by Ramage et al. (2012) however.
Tree diameter growth was significantly different between the three 
ecological groups of trees irrespective of disturbance (logging gap areas vs. areas 
outside). This pattern was also true for response to logging disturbance three years 
after the logging event. A gradient of disturbance performance analogous to the one 
seen for drought was observed.Overall, true pioneers performed better in terms of 
increased diameter growth,and recruitment and decreased mortality rated followed by 
light hardwoods (LHW) and finally, climax tree species. 
Forest sites composed to a smaller extent of LHW tree species (Amazonas) 
seemed to respond more favorably to logging disturbance than ones with more (Pará). 
This suggests that the relationship of increased stand resilience to logging as a 
function of the presence of LHW species may not be true for all forest types and for
all forms of logging. 
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4 How to study community level effects of selective logging 
Generally speaking, plant communities operate on two scales: temporal and 
spatial. In order that the effects of selective logging or indeed any form of 
perturbation upon the forest system are adequately studied both these scales must be 
covered to a sufficient extent. This can be a problem with tropical forest 
communities, because the physiologically dominant life form of the community 
the trees are slow growing organisms by human standards. Furthermore, they 
operate on an equally large spatial scale as far as dynamics are concerned. This is an 
important issue for assessing the impact of any selective logging practice, because 
usually significant effects last for many years and, in many cases, decades after 
an event. In practice, only a small amount of direct response data are available, and in 
most cases, they are limited in time and fragmentary in space. In practically all 
cases for Amazonian terra firme forest, this represents the general situation 
(Hawthorne et al., 2011;Baraloto et al., 2012;Laufer et al., 2013;Burivalova et 
al., 2014). Forest simulation models are therefore needed to assess long term effects 
on forest functional composition of selective logging. This is the case because 
existing datasets have to be used as a basis to project forward in time the long term 
effect of a given practice with reliability and under more controlled conditions than 
in the field despite the obvious setback of the virtual nature of the simulated 
response data (Masripatin, 1998;Kohler, 2000;Porte & Bartelink, 2002; Phillips et 
al., 2004;Ruger, 2006;Free et al., 2014). 
In this study, three models are used in the SYMFOR modeling framework to 
model forest dynamics in response to selective logging scenarios for Amazonian terra 
firme forest. Two of these models where developed specifically for the purposes of 
this study, while a third was developed as part of another one (see Phillips & 
van Gardingen, 2001; Phillips et al., 2004; Valle et al., 2007 and chapter 5 of this 
thesis 
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for details). It was found that in order for the impact of selective logging on the forest 
to be assessed, it was necessary to examine the dynamics of the logged forest relative
to the long term structural and compositional dynamics of the undisturbed forest over 
the same time period, and not simply the initial conditions prior to logging 
disturbance (see chapter 5 sections 2.7 and 3.1 for practical justification and 
support based on actual simulation results respectively for this study). Future 
studies should aim to examine logging in relation to this condition.
5 Models 
In chapter 4, the development of an ecological model based on data from two 
separate areas of permanent sample plots, one in the Manaus Region of Brazil and 
another in the Puerto Maldonado region of Peru is described. The model is separately 
recalibrated for each of the two areas to reflect the observed differences in 
composition and dynamics. Another model is used that was developed by another 
modeling effort and it was used for modeling forest dynamics in an area of 
the Caxiuana national forest, Para state, Brazil. (see Phillips et al., 2004 and van
Gardingen et al., 2006 for details). In all three cases, the model is individual-based 
and spatially explicit, meaning that all trees are individually represented and 
occupy a unique spatial position in the simulated forest stand. 
The models encompass the three main demographic processes driving
populations of forest trees, namely, growth, mortality and recruitment. The 
rates of these processes for individual trees depend on the size (growth) of the 
trees and competition, mainly for light, with other trees (growth and 
mortality), and were parameterized using data for nine functional groups of
species for the forests of Manaus and Puerto Maldonado and 10 analogous ones for 
the forest of Caxiuana. The 
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datasets used to parameterize the two new models satisfied all of the criteria detailed 
by Sheil (1995) for quality of the information and a subset for the Manaus region, The 
biological dynamics of forest fragments project was additionally tested 
specifically with respect to growth, recruitment and to an extent mortality.
Furthermore the criteria laid by Vanclay (1988) and Vanclay et al (1995) for 
minimum data requirements for such an effort were met in both cases as it was 
possible to follow the dynamics of these forests for more than a decade and for a
very wide range of site conditions. It was also possible to clearly separate 
between drought-induced and baseline mortality, which is an important criterion
in the case of the Manaus region. This separation was not an issue for Puerto
Maldonado as the most recent drought did not affect the overall result. These 
conclusions were based on analysis of response to drought in the Manaus region
that had data available on more than one drought event combined with relevant 
meteorological observations from both regions. Chapter 2 provides 
information on this analysis for the demographic datasets.Long test runs (100 years)  
of the model for the forests of Manaus and Puerto Maldonado of the model, without 
simulated management, showed that the abundance of some functional groups 
changed considerably over time for both separately recalibrated areas.Following this 
observation, it was decided to experiment with fine tuning (changing within their 
respective 95% confidence limits) selected coefficients of the equations for growth, 
recruitment and mortality, initially starting with the groups that showed the most 
significant deviations from initial conditions. The process was intuitive and, as a 
result of interactions between functional groups at the forest plot level, it was 
necessary to change some coefficient values in other groups to the ones intended, 
while returning some to their original values during this process. 
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After this the Manaus area recalibration showed a reasonable steady state 
behavior of undisturbed forest simulations with only mild fluctuations, mostly as 
a result of the stochastic nature of the model. The Peru recalibration exhibited 
considerably more dynamism, in comparison, with significant changes in
certain species groups. The second stage of model development involved the
evaluation of model performance in response to a single relatively heavy selective 
logging event (around 12 large trees per hectare); this was done using the 
management models in SYMFOR. 
These management models simulate the felling of trees, the removal 
of harvested trees through heavy machinery (skidders) and the damage to the 
remaining forest for each logging system. Parameter settings of the management
model followed each of the practices as it commonly occurs in the region, making
sure that the level of disturbance was common across the three areas due to the 
difference in the number of marketable species. Results showed realistic patterns 
and no further calibration of the baseline model was done (Chapter 4 sections 4.2 and 
4.3). Despite all the above, it is worth noting that the fits to the model functions
during initial curve fitting from the data could still only explain a fraction of the
variation found in the datasets. This is a common occurrence in data constrained
modeling approaches in forest ecology, and ecological models in general and is a
generally accepted outcome in a study of this kind (chapter 4 section 5.1). For
SYMFOR the first application in Indonesia (Phillips et al., 2003) had datasets
which spanned 50 years and  applied a more primitive deterministic version
than the models that followed but with a similar ecological grouping to the one in
this study. This work revealed that there was a very high degree of conformity of
both undisturbed and selectively 
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logged forest permanent sample plot data to the model output, and this was used
as a basis for other modeling efforts that were either very limited in temporal time
scale undisturbed plot data and in some cases with no direct logging response 
data with which to validate response of the forest. Ultimately however, the great 
value of these models lies in their comparative ability and not so much on their 
precision. For our purposes where we wanted to determine the effect of
differentiating baseline conditions, the models were deemed adequate. Indeed
others have used equations with this goodness of fit to identify differences 
between ecological groups of trees (Arets, 2005;Adame et al, 2014). It was
decided that room for improvement of the model existed and this led to the decision to
experiment with environmental variability and more specifically a drought pulse. 
The analysis of field data from the 18 one ha plots of the Manaus region, along 
with other information in the relevant scientific literature (see chapters 2 and 4 of this 
thesis; Williamson et al., 2000; Phillips et al., 2009), led to the conclusion that natural
drought disturbance is an important element affecting the compositional dynamics of 
primary forest. Based on this conclusion, it was decided to use the field data analysis 
from the Manaus region and also the general literature to derive information on
the actual type of impact on the forest system, so that it may be imposed as 
realistically as possible. The drought return time (number of years between 
significant drought events) was separately derived for each area from the relevant 
rainfall record from the nearest rainfall measurement station. The impact of 
this new element on the performance of the two versions of the model was
evaluated through comparisons of 100 year long simulations of primary undisturbed 
forest with and without a drought disturbance pulse  based on initialization data that
was known to include drought in the memory of the system. 
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To evaluate the potential impact of the incorporation of the drought event 
on the response to logging disturbance, simulations with and without a pulse, 
were run in conjunction with a single relatively heavy harvest event to determine the 
impact of the event on the output of the model. The ultimate goal was to produce for 
both cases a simulation model, that was as realistic and reliable as possible. 
It was concluded that the incorporation of a drought stress pulse was a 
significant and realistic action that improved model performance. There was 
no significant effect on the functional composition dynamics of the forest, but there 
was a subtle effect on the biomass dynamics with a marked increase in conformation 
with relevant response data. This difference, although small, was regarded as 
significant for the purposes of issues like yield regulation and the minor changes in 
total stand biomass caused by the highly selective removal of stems by logging in 
the Amazon region. The decision was, therefore made to include the drought stress 
pulse in the simulations. 
The forest of Puerto Maldonado was considerably more prone to regression to 
secondary forest, possibly as a result of the greater presence of true pioneers relative 
to Manaus. Furthermore, in response to a single selective logging event, the forest
at  Puerto Maldonado appeared to regress more significantly and recover 
more slowly following the event than the forest at Manaus. This is in direct 
disagreement with the alternative hypothesis of this thesis and would also suggest 
that forests that are compositionally more complex are more resilient to this form of 
disturbance, as would be expected based on the basic principle of cybernetics that 
dictates this  for systems subjected to perturbation and hence this finding supports the 
null hypothesis of this thesis. 
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6 Scenarios of selective logging disturbance 
In chapter 5, the long term effects of different logging practices common to 
the Brazilian Amazon on the long-term compositional and biomass integrity of forest
stands across three case study sites were examined.The three sites span a gradient in 
floristic and functional composition diversity suitable for the purposes of this 
thesis.To do this, the ecological model described in chapter 4 was used in combination 
with the appropriate management models specifically designed for this purpose within 
SYMFOR. 
The practice evaluated differed in terms of four key variables: harvest
intensity (volume of trees extracted as a percentage of total tree volume in the
stand), minimum felling diameter (MFD 35 and 50 cm d.b.h), felling cycle (FC: 
30 or 0 years between subsequent harvests, in the case of repeated and single 
logging events respectively) and extraction damage (skidder damage etc.). Care was 
taken to ensure that the effect of the different logging scenarios had the same impact 
on the forest stand of each plot in terms of biomass removed and damage to the
residual stand.The simulations were based on the four control plots as input for the 
forest in the model for each of the three regions. 
Stand level resilience was evaluated using two measures of deviation from 
undisturbed forest dynamics over a 90 year period: Euclidian distance,defining the 
difference in the functional composition of the vegetation community from the
control plots in C-S-R triangular space (as defined by Hunt et al., 2004) and
absolute difference in stand basal area, using the average of each plot for all
simulations for three time points at the beginning, middle and end of the 90 year
period. 
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Separate analysis of the two variables indicated that there was a highly 
significant effect of logging disturbance for all three areas. Deviation from 
primary forest conditions was related positively to the intensity of the disturbance 
for both variables. One very clear pattern in the treated response data was that 
there where clear outliers, but this was invariably linked to the very high degree of
noise commonly associated with this type of data combined with the low goodness 
of fit of the model equations. However, as was expected, comparative analysis of
such response data yielded both realistic and in our case also important findings. Due
to the fact that this was a simulation study where initial conditions were identical 
(undisturbed forest) for all experimental treatments, there was no issue of pseudo 
replication as is common in this type of study (Ramage et al., 2012) that could
potentially account for this effect. 
Results indicated that areas that are intermediate in terms of diversity 
in functional composition are generally more resilient to logging disturbance than 
plots with low and high functional diversity. Furthermore, a partial positive
relationship was noted with resilience (decreasing deviation) and proportions of light 
hardwood (LHW) species in the distribution. After a turning point in functional  
diversity, resilience declined, possibly as a result of the increasing importance
of the negative relationship between entropy and resilience of a system to 
perturbations. 
It was concluded that there is indeed a positive effect of an increase in the
proportion of LHW species on stand level functional and biomass resilience as 
the hypothesis underlying this thesis suggests, but that this relationship is valid only
up to a point in baseline functional composition, after which the null hypothesis
of this thesis becomes more crucial relative to this, with increasing functional 
diversity providing 
165
for increasing resilience in terms of increased precariousness and increased resistance 
(see chapter 1 section 4 of this thesis for details on this latter point). 
Having read all of this, one should keep in mind that simulation 
models merely reflect an extrapolation of current knowledge and assumptions rather 
than  give “true” predictions. The scenario studies using the simulation 
model described in this thesis provide the best, educated, guesses regarding the
response of different areas to a gradient of selective logging disturbance. 
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7   Implications of this study for forest management in the Brazilian 
Amazon 
7.1 Forest policy 
At present, forest policy in the Brazilian Amazonian terra firme forest is
based on the concept that all forests will respond more or less the same and in 
all cases favorably to a 30 year polycyclic silvicultural system, with 
intermediate post exploitation thinning treatments aimed at increasing the growth of 
potential crop trees in the residual forest stand. This conception is reflected in the 
envisaged silvicultural plan for Brazilian national forests as laid out by the Brazilian 
forest service (personal observation). The basis for this is largely research with 
the CELOS silvicultural system developed in Surinam that suggested that these 
forests will respond more favorably to such a treatment and in a manner which 
is financially sound for the purposes of timber production (see de Graaf 1986 for 
details). This assumption has been based on two research findings.
The first was the experimental trial application of the Malayan uniform
system (MUS) in areas of forest in Surinam that concluded that Neotropical forests
do not respond favorably to heavy logging due to the low presence of LHW tree 
species in these forests that seemed to be replaced by true pioneers for equivelant
disturbance intensities (Jonkers in Fearnside, 1989). The second assumption was
that an adequate number of commercial stems were left to justify a second 
economic harvest following this light logging (de Graaf in Lamprecht 1989). 
This thesis has proven that the expected ecological response is likely to be 
found in only a proportion of Amazonian terra firme forest that -based on the studies
of ter Steege et al. (2003 and 2006) and  the results of this thesis- is to a large
extent 
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outside the major areas currently granted to logging concessions and outside the so 
called Brazilian arch of deforestation (Margulis, 2004). 
The remaining forest is expected to respond less favorably to selective logging 
despite the presence of a fairly larger amount of LHW timber species. This is very 
important as this is forest that is currently, due to its position, more intensively and 
extensively logged both in a legal and illegal manner. This makes the need to protect 
forest in these areas even more urgent than it already is. More recently and in support 
of the proof provided by this thesis, a  study by Karfakis (2013) examining long term 
response of the forest community in an area of intermediate density of LHW tree 
species in Curua Una in Para state, Brazil, revealed that the density of non 
harvestable trees in primary forest is inadequate to replace the ones felled. . However, 
with appropriate pre-felling monitoring and silivicultural interventions,
heavier harvests than those proposed by the CELOS  system are a possibility
and in fact a forest more close to the undisturbed  state that develops within the
60 year period needed for a commercially harvestable volume to recover to pre-
logging levels.
Therefore, regulations must be devised that at least in the short term, place
greater restrictions on the intensity and extent of logging operations in such areas 
based on the compositional criteria used in this thesis. In doing so, criteria based on 
biological increment data or information alone are not the only ones that can or 
indeed should be used. 
This research has shown that it is possible to have static inventory criteria that 
in practice will be easier and more cost efficient to acquire and equally, if not 
more, useful. Each year many thousand hectares of forest are granted to logging
concessions in countries with Amazonian terra firme forest, most of which are 
in the legal Brazilian Amazon. The granting of such concessions is normally made 
on a local area 
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or state level, based on the designation of an area (e.g. forest, reserve, biological 
reserve, extractive reserve, national forest and so on) and other non-
biological/ecological criteria. 
With such additional measures, more efficient utilization of existing forest 
resources will be possible on a large scale. This is important as currently, like in many 
other tropical forest areas, forest is a form of land use that cannot compete with other 
more financially productive uses, in the short term, such as agriculture
(Contreras-Hermossila, 1999; Miles et al., 2010). 
Already existing biological/ecological criteria in the legislation such as 
minimum felling diameter (MFD) that currently apply uniform criteria throughout the 
Amazon with exceptions in these rules, such as felling limits for Amazon 
chestnut trees (Bertholetia excelsa) are clearly inadequeate. Felling limits will
have to be revised based on the ecological resilience of each major floristic 
formation and this will mean lowering or increasing MFD for certain species or the
entire forest, as a consequence. Exact figures for this are subjects of additional
research, however. 
7.2 Forest management 
Generally speaking, the research for this thesis has led to the following general 
conclusion: for areas of forest within the specific range in functional composition 
diversity where the  proportion of light hardwood (LHW) tree species is 
positively correlated with resilience logging must be focussed on the stands
composed to a greater extent from LHW species, and logging intensity should 
be relatively proportional to this. For areas where the opposite principle applies, 
logging should concentrate on the more complex stands in terms of functional 
composition. 
Currently, forest managers in the Amazon quantify sustainability mostly in 
terms of yield. 
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This is expressed in terms of either simple commercial or  the retention of certain 
keystone timber tree species over a long period of time or monitoring of animal
populations in rarer cases (Burivalova et al., 2014). Maintaining the biotic 
integrity of the forest has lagged behind mostly because of the lack of a reliable 
measure of this based on inventory data. As was found in this study, sustainability 
can and should be also expressed as a function of the long term structural and
compositional dynamics of these forests. 
For the purposes of this temporary or permanent sample plot, data can be used 
to repeat the process detailed in chapter 5 of this thesis with one of the models in the 
SYMFOR modeling framework chosen according to the floristic affinity of the forest 
based on appropriate sample plot information. This process would generate a figure of 
distance from primary forest conditions over an approximately 100 year
period, which is equivalent to about three 30 year polycyclic rotations and is,
therefore, a realistic time frame to base such a decision upon. 
At the level of the working forest, intensities of logging can and 
should therefore be regulated not only on narrow sense yield sustainability 
based on forecasting but also on expected compositional response of the annual 
felling unit (AFU). The measures of vegetation functional signature and stand basal 
area distance used in this thesis can be used to show what deviation there is under
several projected (simulated) logging intensities and based on this and other 
criteria, decide on how much volume of wood should be cut.
An additional issue other than yield regulation for forest production units 
at this spatial scale and important for sustainable forest management is the selection
of so called no intervention reserves or non productive forest areas within the  
the managed forest estate to be spared for biological conservation purposes. 
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With these criteria, it will now be possible for the more sensitive areas to be selected 
for sparing based on sample plot information identified and spared, thereby reducing 
the overall impact on the forest biodiversity. This is an important issue as the
accurate designation of such reserves will allow for a more efficient protection of 
the biological diversity of a given forest area and in addition to this, assist with 
the aforementioned issue of the more efficient utilization of the forest resource 
(Personal observation; Plumptre, 1986). Simulation models like the ones used in this 
study will have a fundamental role with respect to this, because they will allow the 
determination of the potential impact of alternative logging practices across the 
different areas of forest. The decision on what these figures mean in each 
individual case would be decided based on expert opinion and the individual 
situation. 
Finally, this research has concluded that forest response can be quite 
varied and that it is vital that proper inventory data is obtained prior to
deciding the silvicultural system to be used for a given area of forest. Simulation 
modeling should be an essential element in the decision making process. The impact 
of climate change should be included in future modeling efforts once more direct 
response data becomes available and causal relationships discovered,due to recent 
evidence suggesting that rates of recovery may differ significantly under a changing
climate (Anderson-Texeira et al., 2013). 
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Appendix I 
Description of  SYMFOR ecological model
1. Allometric functions
Allometric functions were taken from the model calibrated for the eastern 
Amazon (e.g., D.B.H-height relationship, volume equation, and crown radius; Phillips 
et al., 2004). These were not re-calibrated due to the absence of more site-specific 
data. Since these are secondary functions that do not interfere with the ecological 
model, we assumed that they are equally valid for Madre de Diós, Manaus and 
Tapajós forests, as was done with other similar modeling efforts (see Valle et al., 
2007). The SYMFOR framework requires estimates of the dimensions of individual 
trees to simulate processes such as damage during harvesting. These estimates are: 
total tree height, H, crown-point height (the height at the widest point of the crown), 
CP, and crown-radius, CR, and the basal area, B of individual trees. These estimates 
are required for the management model and interpretation of results from simulations. 
All of these attributes are derived for individual trees from values of D.B.H (diameter 
at breast height) using auxiliary functions. They are described more extensively 
below. A graphical summary of how trees are represented based on these functions is 
given in Figure 2. A more detailed description of each function follows. 
Total tree height, H, is calculated by an inverse linear relationship with D.B.H 
that is described by equation (1). 
 H=  (1) 
Where s has a value 200 and Hm represents maximum tree height with a value 
of 50 m. D is the diameter at breast height of a tree in cm. 
Hm
sD+Hm
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The “crown-point”, CP (m), of a tree was defined to be the height at which the 
tree has maximum crown width, calculated using a simple linear relationship with tree 
height, H (m) and is described in equation (2): 
 Cp = fc H  (2) 
Where the parameter fc has the value 0.55. The “crown-radius”, CR (m), of a 
tree was defined to be the radius of the tree crown, which is assumed to be circular in 
cross-section, calculated using a relationship with diameter at breast height that is 
described by equation (3): 
= ( 
1 1
1 
) -1 (3)
The coefficients and assumptions made in equations (1)–(3) are derived from 
anecdotal experience because data are not available for rigorous calibration. 
The calculation of tree stem basal area, B, assumes that the stem cross-section 
is circular and is described by equation (4): 
 B=(π/4)D2 (4)
Where π=3.14 and D is the diameter at breast height of the tree 
CR
D
+
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Figure 2: Graph a) shows the allometric properties of individual trees: H is the total tree height, Cp is the Crown 
point, i.e. the height at which the crown is widest, and CR is the radius of the crown. Graph b) shows
schematically the damage area associated with a tree that falls in a random direction (x, y). The allometric 
properties of the falling tree determine the sizes of the kite-shaped damage area. Other trees that are standing 
within this damage area and that are smaller than the falling tree have a probability MD to get killed. Redrawn 
from Arets(2005).
2. Tree growth
For an individual tree the model calculates diameter growth in centimeters per 
year based on initial size (diameter in cm) and competition index value. Equation (5) 
below describes the model used. 
Ii = Di(a1 + a2e
-a3Di) +a4Ci+a5  (5) 
Ii is the annual diameter increment (in cm/ year) for an individual tree; a1, a2, 
a3, a4 and a5 are model parameters Di is the d.b.h of the tree in cm, and Ci is a 
diameter independent competition index, that in our case is the sum of the basal areas 
of all trees with a minimum d.b.h of 10 cm growing in that 20x20m subplot. All 
parameters were estimated by non-linear least-square regression in the software 
Datafit v9.1. The same form of the growth model was used to model diameter growth 
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for two forest areas of the Eastern and South Eastern Brazilian Amazon (See Phillips 
et al., 2004; Vale et al., 2007 for further details) 
3. Natural mortality
Mortality is modeled on an annual basis as a function of size (d.b.h). The 
annual mortality probability (as a percentage) is given by equation (6) while the 
dynamics of the mortality model are described by system of equations (7). 
mi = 1-[1-(No-Nt)/No]
1/t  (6) 
𝑚𝑖 
𝑏1  𝑖𝑓𝐷𝑖 < 𝑏𝑚 + 10
𝑏3 + 𝑏2𝐷𝑖  𝑖𝑓 𝐷𝑖 ≥ 𝑏𝑚 + 10  (7) 
Where mi is the annual mortality probability No is the population of that 
functional group in stems per hectare at t=0 and Nt is the same population at t=1. T is 
the time in years between the censuses. Di is the diameter at breast height of the tree, 
bm is the bin width used in preparation of a histogram to divide the mortality 
observations based on size (d.b.h). For the mortality dynamics model -system of 
equations (7) - the lowest diameter class upper limit (10 + bm) was determined as the 
5th percentile of the diameter distribution of each species group. The mean mortality 
rate for this diameter class was b1. Parameters b2 and b3 were estimated by least 
square linear regression where each point was weighted by the number of initial trees 
in that given size class. Regression was performed on the Software Datafit v 9.1. The 
same model was used to model mortality in the SYMFOR framework in the South 
Eastern Amazon (see Vale et al., 2007 for details). 
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4. Tree falls and associated damage mortality
 In the model simulated, naturally falling trees cause simulated damage and 
associated mortality to the surrounding trees. The area of damage represented by a 
rectangle is defined relative to the dimensions of the falling tree. The dimensions and 
shape are shown in Fig. 3 where the length of the area of damage is the tree height 
plus three times the crown radius and the width, which  is four times the crown radius. 
Damage resulting from trees being felled during harvesting is simulated in the same 
way as for trees with natural mortality if the user elects to simulate no liana cutting 
before logging. In contrast, if liana cutting before logging is selected, a smaller area of 
damage is created as a trapezium-shaped area using the same approach as defined in 
other SYMFOR models (Phillips et al., 2002c, 2003). The trapezium has length equal 
to the height of the tree, and maximum width at the crown point   is equal to the 
crown diameter. Figure 3 describes this in detail. 
Figure 3: The shape and dimensions of the rectangular area of damage created by the fall of a large tree: a 
rectangle with dimensions four times crown radius by three times crown radius plus tree height. The heavy lines 
represent the stem and crown of the tree in their positions after tree-fall, with the lighter circle representing the 
original position of the crown before tree fall. 
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5 Recruitment 
Ingrowth to the minimum d.b.h of 10 cm is modeled as a function of the 
hypothetical tree growing in the center of the gridsquare for each functional group. 
This is described in equation (8) 
 F = r2 + r1I10  (8) 
F is the annual recruitment probability; r1 and r2 are model parameters; I10 is 
the estimated annual diameter increment of a hypothetical tree (10 cm of D.B.H) in 
the centre of the grid-square. Least-square linear regression where each point was 
weighted by the number of grid-squares in each class. All analyses were done in 
Datafit v9.1. The same recruitment model was used to model recruitment for a forest 
area of the South Eastern Brazilian Amazon (Vale et al., 2007). 
In an area of forest that has been subjected to severe damage caused by 
disturbance through tree fall or logging (log extraction and skid-trails) for instance, no 
saplings of 10 cm D.B.H can be expected to recruit within a time period shorter than 
the time needed for seedlings to grow to 10 cm D.B.H. Therefore, we included a 
parameter Ti, which represents the time required for a tree to grow from seed to 10 
cm D.B.H for recruitment in those damage areas that are cleared of seedlings. The 
resulting parameter was estimated based on the predicted increment of a tree with 10 
cm D.B.H and a diameter-independent competition was estimated based on the 
predicted increment of a tree with 10 cm D.B.H and a diameter-independent 
competition index value that was the lowest possible from our available datasets in 
primary forest (Ci= 0.08) by using equation (9) 
 Ti=10/I‟ (9)
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Where I‟ is the growth rate of a 10 cm d.b.h hypothetical tree growing in the 
lowest possible competition This estimate is subject to a substantial uncertainty since 
it is not based on data. Alternative methods of calculation, such as the mode or 
geometric mean would be equally applicable. The same assumption for areas cleared 
of vegetation has been used for forest dynamics models in the SYMFOR framework 
for Brazil (Phillips et al., 2004; Valle et al., 2007) and Guyana (Phillips et al., 2002b, 
2002c). 
Appendix II: Protocol for SYMFOR model parameter tuning for 
Manaus and Puerto Maldonado models and uncalibrated model 
coefficient values
During 100 year simulations of undisturbed forest development the steady state of the 
forest in terms of functional composition and basal area for both Manaus and the Puerto 
Maldonado was not as observed in the forest data nor was it considered realistic following 
scrutiny of expert opinion. In particular in relation to the later, it was considered to be in 
direct violation of the dynamic equilibrium assumption (sections 4.2a , 4.2b and 3.3 of this 
chapter of the thesis respectively for details).The reason for this being that more early 
successional species groups like the light hardwoods and the pioneers increased at the 
expense of later successional groups to the extent that the functional composition and 
structure of the forest shifted to a more monotonic one composed to a greater extent of 
these and smaller sized stems. This issue has occurred in other SYMFOR modeling efforts 
(Phillips et al., 2003; Phillips et al., 2004; Vale et al., 2007) and elsewhere for the reasons 
detailed in section 3.3 of chapter 4 of this thesis.          
       The decision was therefore made to fine tune selected model parameters to produce a 
model that would be adequately realistic in terms of predicting undisturbed forest 
dynamics in the absence of any natural or anthropogenic disturbance other than natural 
tree fall gap dynamics. The initial protocol used for parameter fine tuning was in line with 
other SYMFOR modeling efforts(Phillips et al., 2002b, 2002c; Phillips et al., 2004; Vale 
et al., 2007). Selected changes of model parameters of the mortality and recruitment sub-
models where therefore made incrementally and within their respective 95% confidence 
intervals over many repeated simulations. All mortality and recruitment model parameters 
for all ecological groups where considered for tuning, except two. These where the 
parameter mi of the mortality model and which is the baseline mortality probability for 
trees bellow a specific size class and parameter Ti of the recruitment model. This 
represents
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the time required for a tree to grow from seed to 10 cm D.B.H for recruitment in those 
damage areas that are cleared of seedlings .The reason being that although statistically 
calibrated are both essentially a  non variable parameter.         
 Changes to the parameters where based on intuition and expert opinion using observations 
of the relevant model output and its evolution over time in terms of functional composition 
and structural diversity, scrutinizing additionally with the PSP data used to initialize 
simulations for Manaus and Puerto Maldonado and the analyses of chapter 2 of this thesis. 
All changes to the parameters where within their 95% confidence intervals.        
Following efforts with fine tuning for the mortality and recruitment sub-models, the model 
still failed to produce a forest composition and structure that was in line with the dynamic 
equilibrium and data used to initialize simulations. This was perhaps because in contrast to 
the other SYMFOR modeling efforts previously made, ours had a much coarser spatial 
resolution of 20x20 meter grid squares in comparison to the precise x, y coordinates or 
10x10m gridsquares of other efforts so far(Phillips et al., 2002b, 2002c;) leading to 
decreased accuracy of prediction because of the increased uncertainty for relevant model 
processes. This a common issue with simulation models in general (Vanclay, 1988;Vanclay 
1995a;Vanclay and Skovsgaard, 1997;Vanclay, 2014 ). 
      Once selected changes were additionally made by extending the protocol for mortality 
and recruitment to all of the growth model parameters for both areas, the forest reached a 
dynamic equilibrium exhibiting a relatively constant functional composition and stand 
structure over the course of the simulation period and in line with current theories of 
tropical forest dynamics. Section 5.1 of this thesis provides a detailed discussion with 
respect to this. Finally the relevant model output was regarded to be close to the data used 
to initialize the simulations, and the results of chapter 2 of this thesis. This final version of 
model was regarded to be able to predict realistically forest dynamics under the influence of 
only natural gap dynamics for the period simulated for both Manaus and Puerto Maldonado.
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The equations describing the SYMFOR models used are given in Appendix I .The model 
parameters prior and after any modifications are shown in tables 1 and 2 bellow for the 
growth ,mortality and recruitment models respectively. The set of parameters after fine 
tuning is given in tables 4.4 and 4.5 of chapter 4 of  the thesis, for  the growth, mortality 
and recruitment models respectively.
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Table 1: Parameters for the growth model (Appendix I, section 2, equation (5)) Based on the Manaus and Puerto 
Maldonado permanent sample plots prior to any fine tuning of selected model parameters.  
Manaus 
Group r1 r 2 Ti m1 m 2 m 3 Bin(cm) 
1 0.3454 49.4 1.76 0.0037 0.4957 2.6 
2 0.211 52 2.2 0.944 4.4 
3 0.3125 65 1.44 1.6822 3.5 
4 0.6744 40 1.36 1.1182 1.5 
5 0.3222 45 5.166 0.933 7.5 
6 0.1780 50 8.13 2.3251 5.3 
7 0.2454 35 7.128 1.3092 3.5 
8 0.2563 32.1 8.3216 1.807 3.3 
9 
-0.0189
0.0016
-0.0203
-0.077
-0.0011
0.016
-0.0044
0.006
0.049 0.0863 22 8.379 
-0.0039
-0.0137
-0.0069
0.0053
-0.0209
-0.0091
-0.0156
0.1694 -2.27 2.4 
Puerto 
Maldonado 
1 0.1241 50 0.8372 1.421 1.9 
2 0.1160 30 1.4396 1.3225 3.3 
3 
-0.034
0.0974
0.2394 43 1.09 0.0406 4.1 
4 55 0.875 1.2175 2.2 
5 33 1.6133 2.0589 1.9 
6 43 1.19 0.1332 5.2 
7 16 2.4 2.5574 2.7 
8 11 1.525 2.7868 2.1 
9 
-0.0434
-0.1723
-0.5416
0.1063
-0.016
-0.2782
-0.0176
0.3869
0.3496
0.296
0.0259
0.00159
0.2037 12 1.898 
-0.0132
-0.0076
0.0243
-0.0093
-0.0175
0.0284
-0.0151
-0.0181
-0.0491 5.57 3.9 
Table 2: Parameters prior to fine tuning  of selected model parameters for the mortality and recruitment models 
(Appendix I sections 3, equations (6) and (7) and sections 5 equations (8) and (9) respectively), bin width included. 
Manaus 
Group a1 a2 a 3 a 4 a 5 
1 0.0004   0.0001 3.178 0.202 
2 0.0001   0.0004 2.388 0.217 
3 0.0054  2.101 0.1114 
4 0.0023 4.28 0.212 
5 0.0070 3.188 0.165 
6 0.0055 2.0633 0.161 
7 0.0038 5.776 0.258 
8 0.0073 2.54 0.270 
9 0.0282 
-0.0005
0.00001
-0.0020
-0.0004
-0.0002
-0.0009
-0.0005 0.0211 
-0.0177
-0.055
0.0417
-0.0522
-0.0533
-0.0037
-0.106
-0.137
-0.058 0.0018 
Puerto 
Maldonado 
1 0.001 0.190 
2 0.285 
3 0.352 
4 0.3432 
5 0.281 
6 0.432 
7 0.2300 
8 0.322 
9 
-0.0037
0.0009
-0.00707
0.00004
-0.0017
-0.0095
0.0035
0.0071
0.0054
-0.009
0.0005
0.0002
0.0007
0.0010
0.0003
-0.0004
0.0004
-2.309
-2.479
-1.977
-2.587
-1.828
-1.586
-2.441
-1.954
-5.925
-0.020
-0.098
-0.040
-0.0567
-0.0247
-0.105
0.0430
-0.069
-0.0793 0.3206 
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Appendix III
Subset of references used in the parameterization of the drought 
disturbance pulse 
Haylock, M. R., Peterson, T. C., Alves, L. M., Ambrizzi, T., Anunciação, Y. M. T., 
Baez, J., Barros, V. R., Berlato, M. A., Bidegain, M., Coronel, G., Corradi, V., 
Garcia, V. J., Grimm, A. M., Marino, M. B., Moncucil, D. F., Nechet, D., 
Quintana, J., Rebello, E., Rusticucci, M., Santos, J. L., Trebejo, I. Vincent, L. 
A. (2006). Trends in total and extreme South American rainfall in 1960–2000
and Links with sea surface temperature. Journal of Climate 19: 1490–1512. 
Holmgren, M. M., Scheffer, E., Ezcurra, J. R., Gutierrez & G.M.J. Mohren. (2001). El 
Niño effects on the dynamics of terrestrial ecosystems. Trends in Ecology and 
Evolution 16: 89–94. 
INMET, (2001). Instituto Nacional de Meteorologia http://www. inmet.gov.br 
Malhi, Y. & Phillips, O. L. (2004). Tropical forests and global atmospheric change: a 
synthesis. Philosophical Transactions of the Royal Society of London Series 
B-Biological Sciences 359: 549–555.
Malhi, Y. & Wright, J. (2004). Spatial patterns and recent trends in the climate of 
tropical rainforest regions. Philosophical Transactions of the Royal Society of 
London Series B-Biological Sciences 359: 311–329. 
Phillips, O. L., Aragão, L. E. O. C, Lewis, S. L., Fisher, J. B., Lloyd, J., López-
González, G., Malhi, Y., Monteagudo,  A., Peacock, J., Quesada, C. A., van 
der Heijden, G., Almeida, S., Amaral, I., Arroyo, L., Aymard, G., Baker, T. 
R., Bánki, O., Blanc, L., Bonal, D., Brando, P., Chave, J., Alves de Oliveira, 
Á. C., Cardozo, N. D., Czimczik, C. I., Feldpausch, T. R., Aparecida Freitas, 
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Morel, A., Neill, D. A., Nepstad, D., Patiño, S., Peñuela, M. C. , Prieto, A., 
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Vargas, P., Ramírez-Angulo, H., Rudas, A., Salamão, R., Silva, N., Terborgh, 
J. & Torres-Lezama, A. (2009). Drought Sensitivity of the Amazon
Rainforest. Science  323: 1344-1347 
Satyamurty, P., Anderson-De Castro, A., Tota, J., Eliane da Silva., Gularte, L., 
Ocimar-Manzi, A. (2010). Rainfall trends in the Brazilian Amazon Basin in 
the past eight decades. Theoretical and applied climatology 99: 139–148.
Slik, J. W. F. (2004). El Niño droughts and their effects on tree species composition 
and diversity in tropical rain forests. Oecologia 141: 114–120. 
Sombroek, W. (2001). Spatial and temporal patterns of Amazon rainfall. Ambio 
30:388–396 
Vieira, A. S. (2000). Global changes and tree growth rate in the Amazon forest. 
Unpublished PhD thesis, Federal university of Sao Paulo, Brazil. 
Williamson, B., Laurance, W. F., Oliveira, A., Delamonica, P., Gauscon, C., Lovejoy, 
T & Pohl, L. (2000). Amazonian tree mortality during the 1997 El Niño 
drought. Conservation Biology 14(5): 1538–1542. 
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Appendix IV
Description of the dynamics of the ecological models used to model 
forest dynamics for Chapter 5 of the thesis using data constrained 
equations in the SYMFOR modeling framework. 
1.Growth: In all three models trees have a diameter at breast height (d.b.h) that is
updated each time-step using the diameter-growth function. This is the same for both 
models and is calculated as described by equation (1): 
 (1) 
Where a0, a1, a2, a3, a4 and a5 are model parameters and D is the diameter at 
breast height (1.3 m, D.B.H) of the tree. The diameter-independent competition index, 
C (Eq. (1), section 2.3 of this chapter of the thesis), was devised to describe the 
competition environment for each individual tree in the plot. 
2. Recruitment: The recruitment function describes the appearance of new trees at
the minimum D.B.H threshold, which was 10 cm for all three areas. The probability 
of recruitment of a new tree in a grid-square of 100 m2 for the Para model and 400 m2 
for the Manaus and Puerto Maldonado models, depends on the light availability in 
that grid-square. All three models run with annual time-steps. The function used for 
Puerto Maldonado and Manaus is as follows (equation 2) 
F = r1 + r2I10  (2) 
For Para (Caxiuana) we used the following function to describe recruitment 
(equation 3) 
=  1 
−   +r2 (3)
I= D(ao + a1e
-a2Di) +a3Ci+a4
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Where r1, r2 and r3 are parameters and I is the predicted growth rate of a tree at 
a randomly selected location within the grid-square. The growth rate is predicted 
using the growth model described above (Eq. (1)), for a tree with the same diameter 
as the minimum D.B.H threshold of 10 cm. For both models a model parameter, Ti, 
represents the time required (in years) for ingrowth as the number of years required 
for a tree to grow from seed to a D.B.H of 10 cm. It is used in the simulation when an 
area of ground is cleared of seedlings, for example when the soil surface is 
mechanically scarified and compacted during log extraction. This is different for all 
three areas and species group within each area. 
3. Mortality: For mortality the same function as with Manaus and Madre de Dios is
used, this is modeled on an annual basis based on size (d.b.h). The annual mortality 
probability (as a percentage) is given by equation (4) while the dynamics of the 
mortality model are described by system of equations (5). 
mi = 1-[1-(No-Nt)/No]
1/t  (4) 
𝑚𝑖 
𝑏1  𝑖𝑓𝐷𝑖 < 𝑏𝑚 + 10
𝑏3 + 𝑏2𝐷𝑖  𝑖𝑓 𝐷𝑖 ≥ 𝑏𝑚 + 10  (5) 
For the mortality dynamics model-system of equations (5) - the lowest 
diameter class upper limit (10 + bm) was determined as the 5th percentile of the 
diameter distribution of each species group. The mean mortality rate for this diameter 
class was b1. Parameters b2 and b3 were estimated by least square linear regression 
where each point was weighted by the number of initial trees in that given size class. 
Regression was performed on the Software Datafit v 9.1. Trees that die from natural 
causes as determined by a semi-stochastic mortality function, have a certain 
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probability to fall in a random direction and damage smaller neighbor trees that are 
within its damage area. For all models this was set at 50%. 
4. Allometric functions: Other allometric properties, like height and crown width of
the trees are determined using functions with D.B.H. These are described also in 
chapter 4 and are the same for the Para, Manaus and Puerto Maldonado models and so 
are their coefficients. The spatial representation of trees in 3 dimensional space is 
described in Appendix I sections 1 and 4. 
All coefficients used for all relevant equations for the Manaus and Puerto 
Maldonado models are given in chapter 4. For the Tapajos/jar model they are given in 
Phillips et al. (2004) and van Gardingen et al. (2006). 
228
Appendix V 
Table of standard ordinates for each of the 19 plant functional types 
in the C-S-R plant functional classification system used in calculating 
the functional signature of the forest communities for the three sites 
of Chapter 5 based on permanent sample plot information. 
Plant Functional type C S R 
C 1 0 0 
C/CR 0.75 0 0.25 
C/CSR 0.666667 0.166667 0.1666667 
C/SC 0.75 0.25 0 
CR 0.5 0 0.5 
CR/CSR 0.416667 0.166667 0.4166667 
CSR 0.333333 0.333333 0.333333 
R 0 0 1 
R/CR 0.25 0 0.75 
R/CSR 0.166667 0.166667 0.6666667 
R/SR 0 0.25 0.75 
S 0 1 0 
S/CSR 0.166667 0.666667 0.1666667 
S/SC 0.25 0.75 0 
S/SR 0 0.75 0.25 
SC 0.5 0.5 0 
SC/CSR 0.416667 0.416667 0.1666667 
SR 0 0.5 0.5 
SR/CSR 0.166667 0.416667 0.4166667 
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